











KOHTPOJIb U UBMEPEHMUA

#2/*$3 61 1&9

\,,/

-38)3, +4*3+29/
65543210/, */$ 3* 1 #111,3)710
)L +1#43.1 "1, 41( 1.15)* +)

<«
4
-3%7)/2961 9/
- ~ oy - 0/ -3 . u+
S8876543 31003/504 2821 4 3e20] L~ <*5#3 3.)/4=."1 2/.."! 85 4/>-0/.-3 - #* 7
65543210/.-3 &*%,13 -$,3*3.-3 8 7
,-+%1.312.1%12.15)3( #1+/$/)34% #*341,43.-%

121+5%$3 61 1&9

(+4 10+9&30 93 1)%429+*$
$/ =dl, .30%$+-

#121))3)"51/ 412114+,1 155%'
\__ -/ *Ii- 35+-1 #*1 3551%/1

Puc.2. Cxema peHmzeHoonmu4eckux usmepeHull MHO20CAOUHbIX CMpPYKmMyp
Fig.2. The scheme of the X-ray optical measurements of multilayer structures

pedeKTOMeTpHHU, B KOMILJIEKC MeTOZIOB OBITH BKIIIO-
YeHBl PeHTTe€HOBCKasl pedpakTOMeTpHUs U AudbPy3HOe
paccesiHIe PeHTIeHOBCKOI0 U3/TyueHHs (PUC.2).
Mcmonbp30BaHHe OCTPOPOKYCHOIO MCTOYHHKA
[I03BOJISieT MCC/IeJ0BaTh peppaKkLMI0 PeHTTeHOB-
CKOT'0 H3J/Iy4YeHHUs B TOHKOIIJIGHOUYHBIX CTPYKTYypaXx,
HaIIPAMYIO PacCYMTATh II0Ka3aTe/b ero Ipejomie-
HUS U, CJIeJ0BaTe/JbHO, [IOJYyYUTh HHGOPMALIHIO
0 pacrpeje/ieHuH IVIOTHOCTH MaTepuana. [1ag yTod-
HeHUs [IapaMeTPOB LIepOX0BATOCTel IPaHUI] pas-
Jlejla MCII0JIb3yeTCs MeTof JudPy3HOro paccesHUS
PEHTreHOBCKOI0 M3/Iy4eHHs. Bce 3TO IM03BOJISeT

Pa3peuuTh HeOLHO3HAUHOCTH THUIA "TJIOTHOCTB-
IIepOXOBATOCTD' IIPH pelleHHUHU obpaTHBIX 3ajau
Y [IOJIYYUTh OJHO3HAUHBIe Pe3y/IbTaThl H3MepPeHU M
pa3MepHBIX IIapaMeTpPOB TBEPAOTEIbHBIX MHOIO-
CJIOMHBIX HAHOCTPYKTYP.

Ocoboe BHHMaHHe TaKXKe yJeIeHO KOPPeKTHO-
CTH pelleHHUsI 0OPATHBIX 3a74a4u. [IpoBOAUTCS pery-
nspusanus (CIIa’kUBaHUe U T.J.) 9KCIIepUMeHTaJlb-
HBIX JAHHBIX C TeM, YTOObl YMEHBUIUTD IIOTPELIHOCTb
rpu paboTe C OTHOIIEHHEM CHI'HAJIOB Ha JIBYX IJIMHAX
BOJIH. 3aTeM [JIsl IIOKCKA I7100aJIbHOr0 SKCTpeMyMa
GyHKIIMOHAIA HEBSI3KH ITPHU IIOTOHKE TeOPeTHYeCKOM
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Puc.3. PenmzeHosckue pedpaexmozpammbl Ha 08yx dnuHax 8o A(CuK,) = 0,154 Hm u A(CuKg) = 0,139 Hm (a) u kpusbie dupdy3Ho-
20 paccesiHus (b) 0ns duddy3uoHHo-6apvepHol cmpykmypel TiN/Ti/SiO, Ha KpemHuUU
Fig.3. X-ray reflectograms for two wavelengths A(C,K,) = 0,154 nm and /\(CuKB) = 0,139 nm (a) and diffuse scattering curves (b) for the

diffusion-barrier structure of TiN/Ti/SiO, on silicon
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Puc.4. OmHocumenbHas peHmaeHosckas pepaexkmozpamma (a) u MIM-uzobpaxceHue (6) dudpy3uoHHO-6apbepHOLl cmpykmy-
pbl TiN/Ti/SiO, Ha kpemHuu. Caoli TiN cocmoum u3 mpex nodcaoes: TiNO,(2,0 Hm) / TiN noaukpucmanauveckuli (2,5 Hm) / TiN
amopdHuili (1,4 Hm). CpedHekeadpamuuHble Wepoxosamocmu zpaHul, pazdena o = 0,4-0,7 HM

Fig.4. Relative X-ray reflectogram (a) and TEM image (b) of diffusion-barrier structure of TiN/Ti/SiO, on silicon. TiN layer consists of three
sublayers: TINO,(2.0 nm) / TiN polycrystalline (2.5 nm) / amorphous TiN (1.4 nm). The RMS roughness of the interface o = 0.4-0.7 nm

U 3KCIIEPUMEHTANbHbIX KPUBBIX IIPUMEHSIOTCS
XOPOIIO 3apeKOMEHI0BABINHEe Ce0st CTOXaCTHYECKHe
AJITOPUTMBL: T@HETUYECKUH AJITOPUTM U AJITOPUTM
"myen” [6].

Jl/1sl TIOBBIIIEHU S IPOU3BOLUTENBHOCTH HCIIONb-
3yeTcs mapasuiesibHast 06paboTKa IKCIIePUMEeHTATbHBIX

JaHHBIX Ha TpadHYeCcKUX IIpolieccopax [7]. JlaHHas TeX-
HOJIOT Ul TI03BOJIsIeT COKPAaTUTh BPeMsl pacdeTa Ha /1B
MOPsIIKA M, TAKUM 06pa3oM, HCII0NIb30BATh PeHTTeHO-
OITHYeCKHe MeTO/bl HeIIoCpeICTBEHHO AJ1s1 KOHTPOJISL
POCTa MHOTOC/IOMHBIX CTPYKTYP B XOfle TeXHOJIOT e~
CKOTO ITpoLiecca.

of layered nanostructures. To
increase the intensity of X-ray
beams can be effectively applied
refractive and mirror focusing
optics. Furthermore, the capac-
ities of the equipment allows
to precisely measure the qual-
ity of the optics used. Studies
of the characteristics of peri-
odic multilayer X-ray mirrors
were performed in collaboration
with the Institute for Physics of
Microstructures RAS.

MEASUREMENT OF MULTILAYER
THIN-FILM NANOSTRUCTURES

The developed comprehensive
approach to the measurement
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of multilayer thin-film nano-
structures primarily provides
unambiguous and reliable
results through the use of com-
plementary research methods,
which are based on different
physical principles and allow
to resolve any ambiguity in the
solution of inverse problems.
Currently a full technological
cycle of production of nanoelec-
tronic devices, in particular in
the transition to a design rules
of about 90 nm or less, requires
solving problems of measure-
ment of manufactured struc-
tures. Difficulties are caused
by insufficient informational

capabilities of standard tech-
niques and ambiguity of models,
and also by incorrect assump-
tions about the structure and
composition of the created
objects.

The X-ray reflectometry used
in the measuring system is a
standard for the study of multi-
layer thin-film structures, how-
ever, the analysis only of the
specular component of the X-ray
reflection doesn’t allow to sep-
arate the contributions to the
waveform from the density gra-
dient of material of layers and
from the roughness and irreg-
ularities of the interfaces. In
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Puc.5. PeHmzeHosckue pepaekmozpammbl nopucmeix low-k-
cnoes SiCN / SiOC/ Si. ToauuHa SiCN = 90 Hm, SIOC - 180 Hm
Fig.5. X-ray reflectograms of porous low-k layer SiCN / SiOC / Si.
The thickness of the SiCN - 90 nm, SiOC- 180 nm

Ha pwuc.3-6 mpuBemeHBl pe3yJabTaThl KOMIIJIEKC-
HOTO aHaJIKM3a TOHKOIIJIEHOUHBIX CTPYKTYP, IOy~
YeHHBIX IIPU TeXHOJIOTMYeCKOM IIpoLiecce € IIPOeKT-
HBIMH HOpMaMH 180 HM: gudPy3uoHHO-6apbepHEIe
ciou TiN (5 5m) / Ti (10 EM) / SiO, (15 HM) / Si; IIeHKH
nopucThix low-k-muanexkTpuxon SiCN (90 HM) / SiOC
(180 mm) / Si [8]. Peranuck 3a7,a4M 10 UACHTUPUKALIUU
U pacyeTy [IapaMeTpPOB Hey4YTeHHBLIX C710eB, GOPMHPY-
IOIIMXCS [IPH IIPOTeKaHU K TeXHOJIOTMUeCKHX IIpoLiec-
COB, BBIIIOJIHEHA KOPPEKTHPOBKA JAHHBIX KOHTPO/IBHBIX

Puc.6. Yznosbie Ouazpammspl UHMeEHCUBHOCMU NPEAOMAEHHO-
20 u3Ay4yeHus om o6pasuos SiCN / SiOC / Si. Pe¢pakuuoHHble
nuku: A; , = SIiCN (p = 1,56 2/cm3), By , - SiOC (p = 2,27 2/cm?)
Fig.6. Angular diagrams of the intensity of the refracted radia-
tion from samples SiCN / SiOC/ Si. Refractive peaks: A; , = SICN
(p=1,56 g/cm?3), B1,2 -SiOC (p = 2.27 g/cm3)

M3MepeHUMN (CIIeKTpaJibHas 3/UIMIICOMETPUS U IP.).
J71s IOATBEePKAeHU S Pe3ylIbTaToB pedIeKTOMeTpHUH
HCII0/Ib30BAJIMCh JAHHBIE IIPOCBEYHBAIOIIEH 3/IeKTPOH-
HOIM MUKPOCKOIIHH.

MeTop, ABYXBOJIHOBOK PeHTI€HOBCKOM pedieKToMe-
TPUHU BBICOKOIOPeKTHUBEH IIPU HCCIeJOBAHUU C1ab0-
BO3MYIIeHHBIX (10 IIOTHOCTH) CJIOUCTBIX CTPYKTYDP,
B YaCTHOCTH, [TOTy4eHHBIX HOHHOM HMIIJIaHTalyek [9].

this regard, along with the rel-
ative reflectometry in a complex
of methods were included X-ray
refractometry and diffuse X-ray
scattering (fig.2).

Using of fine-focusing X-ray
source allows to investigate
the X-ray refraction in thin-
film structures, to calculate
the index of refraction and,
therefore, to obtain informa-
tion about the density distri-
bution of the material. To clar-
ify the roughness parameters of
interfaces the diffuse X-ray scat-
tering is used. All this helps to
resolve ambiguities of “den-
sity-roughness” in the solution

of inverse problems and to
obtain unambiguous results
of measurements of dimen-
sions of multi-layer solid-state
nanostructures.

Special attention is also
paid to the correctness of the
solution of inverse problems.
Regularization (smoothing, etc.)
of experimental data in order to
reduce an error when working
with the ratio of the signals at
the two wavelengths. Then to
find the global extremum of the
residual functional when fitting
the theoretical and experimen-
tal curves are used well-estab-
lished stochastic algorithms:

genetic algorithm and bees algo-
rithm [6].

To improve performance, par-
allel processing of experimen-
tal data on GPUs [7] is used. This
technology allows to reduce the
computation time by two orders
of magnitude and, thus, to use
X-ray methods directly to control
the growth of multilayer struc-
tures during the manufacturing
process.

Fig.3-6 shows the results of a
comprehensive analysis of thin-
film structures obtained by the
process with a design rule of
180 nm: a diffusion-barrier lay-
ers TiN (5 nm) / Ti (10 nm) / SiO,

#2 /56 /2015 NANO INDUSTRY
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Puc.7. PeHmzeHoscKue pepaekmozpammbl Ha 08YX OAUHAX B80AH
A;=0,154 Hm (1) uA,= 0,139 HM (2) F*-uMnAaGHMUpo8AaHHO20
06pasua, 803a 06ayyeHus 9,25-1015 cm2, 3Hepaus 40 k3B
Fig.7. X-ray reflectograms for two wavelengths A; = 0,154 nm (1)
and A, = 0,139 nm (2) of F*-implanted sample, the radiation dose
0f 9.25:1015 cm™, energy of 40 Kev

Ha pric.7-8 mpeacTaB/ieHbl pepieKTorpaMMbl KpeMHHe-
BBIX ITOJJJIO’KeK, MMIUIAHTHPOBAHHBIX HOHAMHU $TOPA.
BMecTo 3KCIIOHEHLIMAIBHO HUCIAAA0Ier CTaHIAPT-
HOM KPUBOH pedieKTOMeTPUH (PUC.7) HA OTHOCHUTE/Ib-
HOM pedrekTorpamme (puc.8) rmonydeHa ygobHas ams
MaTeMaTH4ecKok 06paboTku crabor3MeHsIOMAsACS
GYHKIIMS C BBIPaskeHHBIMHU 3KCTPeMyMaMU B 00/1acTH

YIJIOB 3€PKaJIBHOIO OTpaskeHUs 20<1°, 115 KOTOpPOH
MOYKHO HabJII0/1aTh PaJKaabHOE [IPOsiBJIeHHe KOHTpPa-
CTa MHT@HCUBHOCTH I10/Ie3HOT0 CUTHAJIA.

KOHKYPEHTHbBIE MPEUMYLLECTBA

[IpencTaBieHHas KOHIEIIHs obecrieYnBaeT KOHKY-
PeHTHBbIe IPeHMYIIecTBAa Ha PBIHKE HUCC/Ie[0BaTellb-
cKoro Hay4Horo obopyznoBaHus. Ee oTiruaer, B mep-
BYIO OUepefib, YHUBEePCaIbHOCTh M IIPOCTOTA KOHCTPYK-
nuu, obecreynBalolue BBHICOKYIO 6e30I1aCHOCTSH,
PEMOHTOIIPUTOAHOCTD, JIETKOCTh MOAEPHHU3AIUH,
HU3KHe ce6eCTOMMOCTD U CTOMMOCTb SKCIUIyaTallHH.
B3aMMOCBsI3aHHBIN KOMIIJIEKC METOZIOB J1s1 KOHKPeT-
HbIX U3MepHUTe/IbHbIX 3a/1a4 TBEPAOTEIbHOM TeXHOJIO-
ruu 06yc/IaBIMBaeT JOCTOBEPHOCTD M OJTHO3HAYHOCTh
TIOJTyYeHHBIX Pe3y/IsTaToB. Kpome Toro, obecrieueHa Bo3-
MOSKHOCTB OIIePaTUBHOM 06paboTKY 3KCIIEPUMEHTAJIb-
HBIX JAHHBIX JI/I. KOHTPOJIS XO[a TeXHOJIOTHYeCKOTo
mporiecca.

Cnenyet 0cobo OTMETHUTh HCIIOIb30BAHUE IS
OAHHBIX CHCTeM HOBOTO ITIOKOJIEHHS MHKPOPOKYC-
HBIX [IOPTAaTUBHBIX MCTOYHUKOB. CIellHaTUCTaMHU
®du3ryeckoro HHCTUTYyTa PAH uM. I1.H./lebemeBa
c yuactueM "M3JI3" u "AHrcTpeM" pa3paboTaH MUKPO-
$OKYCHBIN PEeHTTeHOBCKHI T'eHepaTop HOBOI'O IIOKO-
neHust XRS COMPACT (puc.9), KoTOpbIH 06beJHUHSIET
LleJIBIF PS/i MHHOBAIIMOHHBIX pellleHHH, obecredu-
BAIONIMX PeKOPJHBIE XapAaKTePUCTUKHU, HAZEXKHOCTh
U HIHPOKYI0 chepy NpUMeHeHHUsI. MUKPOQOKYCHBIN
PEHTIeHOBCKHE reHepaTop — aBTOHOMHBIE MOHOOJIOK,
Cofiep>KaIllUF MUHHATIOPHYIO PeHTIeHOBCKYIO TPYOKY
Y BBICOKOBOJIBTHBIM MOAY/b. Biarogapst yHUKaabHOM

market of scientific research

(15 nm) / Si; porous low-k dielec-
trics films SiCN (90 nm) / SiOC
(180 nm) / Si [8]. Problems of
identification and calculation of
parameters of unaccounted lay-
ers formed during technologi-
cal processes were solved, correc-
tions of measurements (spectral
ellipsometry, etc.) were made.
To confirm the results of the
reflectometry transmission elec-
tron microscopy were used.
Two-wavelength X-ray reflec-
tometry method is highly effec-
tive in the study of weakly per-
turbed (by density) layered struc-
tures, in particular produced
by ion implantation [9]. Fig.7-8

HAHO MHOYVCTPHA #2/56/2015

presents the reflectograms of sil-
icon wafers implanted with flu-
orine ions. Instead of the expo-
nential drop-down standard
reflectometry curve (fig.7) in
the relative reflectogram (fig.8)
obtained convenient for math-
ematical processing function
with pronounced extreme in
the area of specular reflection
angles 20<1° for which it is pos-
sible to observe a radical mani-
festation of the contrast of the
intensity of desired signal.

COMPETITIVE ADVANTAGES
The presented concept provides
a competitive advantage in the

equipment. It is distinguished,
in the first place, by the versa-
tility and simplicity of design
ensuring high safety, maintain-
ability, ease of upgrading, low
prime cost and operating cost.
An integrated set of methods
for specific measurement tasks
of solid state technology deter-
mines the accuracy and cer-
tainty of the results. In addi-
tion, the possibility of rapid pro-
cessing of experimental data to
monitor the production process
is provided.

Of particular note is the
use in these systems of a new
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JBYXCTyIleHYaTOH CHCTeMe 3/IeKTPOCTaTHUeCKor QOKy-
CHPOBKH U BCTPOEHHOU CXeMe yIIpaB/eHHs BEICOKMM
HaIIpssKeHHeM JIOCTHUTaeTcs pa3Mmep oKyca He bosee
30 MKM. 3amaTeHTOBaHHAA KOHCTPYKIIHS aHOJHOIO
6J10Ka C ITPO3pavHOK MOJTIOKKOM M3 MOHOKPHUCTAJITHYe-
CKOTO aJIMa3a obecrieurBaeT OLHOBPeMeHHYIO reHepa-
LIMIO II0TOKOB PeHTTe@HOBCKOI0 K OIITHYeCKOIo U3jIyye-
HMH. ITO [103BO/ISIeT BU3yaIM3HPOBaTh PeHTTeHOBCKHUH
IIy4OK, YTO 3HAYMUTEJIbHO IOBBIIIAeT 6e30IacHOCTh
paboTHI C HICTOYHUKOM U 0bJ1erdyaeT IOCTHPOBKY H3Me-
PHTeIBHOU CXeMBbl. [IpMeHeHHe IPO3payHOoM aaMa3-
HOM aHOIHOM IIOJJIOKKH Tak>Ke obecrieyrBaeT MaKCH-
MaJIbHYIO SIPKOCTb PEeHTTeHOBCKOI'0 GOKyca.

Bbicokast CTabH/IBHOCTD IIOIOSKEHUSI U MaJIbIE pa3-
Mep GOKYCHOrO IISTHA JAaOT BO3MOKHOCTD 3PPEKTUBHO
KCII0/Ib30BaTh POKYCHPYIOIILYIO PeHTTeHOBCKYIO OIITHKY,
BKJIIOYasi M30IHYThIe PpeHTIeHOBCKHUe 3epKajia U II0IH-
KaIlM/UISpHbIe JIMH3bL. [IpuMeHeHHe MUKPODOKYC-
HOT'0 UCTOYHHKA C 3¢PKaJIbHOM [1apabosIniecKo O TH-
KOI I103B0JIsIeT GOPMHUPOBATh IapaKCHa/IbHbIe MOHO-
XpoMaTH4YeCKHe PeHTTeHOBCKMeE IIyYKHU C PACXOL4MO-
CTBIO ~1 Mpa/i U HHTEHCUBHOCTBIO 60s1ee 107 doToH/C.

B KOHCTPYKIMH KOMIIAKTHOI'0 UCTOYHHKA (prc.10)
IIpUMeHseTCs BO3AYIIHAs CHCTeMa OXJIaKIeHH S
U aHOJ, TPAaHCMHCCHOHHOTIO THIIA. AHOJ IIpeJCTaB-
nseT coboi ONTHYeCKHM aKTHBHUPOBAHHYIO alMa3-
HYIO II0JIJIOKKY C HAHeCeHHOM MeTaJIMYeCKOU IIJIeH-
KOM, B KOTOPOI B036y>KaeTCsl peHTIeHOBCKOe H3Jlyde-
Hue, CHUCTeMa [103BOJISeT IIPOBOAUTE PEHTIeHOCTPYK-
TypHBble U3MePeHHU s KPUCTAJIJIOB K IIOJTUKPHUCTAIL-
JIOB 1 CO3[,aBaTh HACTOIbHbIE U MOOUIPHBIE MOZIEH
IHuPPaKTOMETPOB, PedIeKTOMeTPOB U 3/IeMeHTHBIX

I(A), 1(A)
7 A

0=0,6 HM SO, t=6HM p=1,7 rlcw®
6 o 0=04HM aSi t=41,4HM p=2,29 r/cm®
5 4 8 0=04Hm Si

Puc.8. OmHocumenbHas peHmzeHosckas pepaexmozpamma
F*-umnaanmupoeanHozo obpasua. lNposieneHue “"cKkpbimbix”
OCUUAASILUL 8 06AACMU MAAbIX y2n08 29<1°

Fig.8. Relative X-ray reflectogramfor F*-implanted sample. The
hidden oscillations in the region of small angles 26<1°

aHaJIM3aTOPOB, BCTPOEHHBIX, B TOM YHCJIe, B [IPOM3-
BOZICTBEHHOe 060PyI0BaHUeE AJIsI KOHTPOJIS pocTa dpop-
MUPYEMBIX CTPYKTYP B PeaJIbHOM BpeMeHHU. Bricokas
SIPKOCTh PEHTI@HOBCKOI'0 MCTOYHHUKA MOXET ObITH
HCII0/NIb30BaHA B Ipoleccax Inybokom muTorpaduu
U raapBaHommacTuku (LIGA), BOCTpe60BaHme IS
co3gaHust MOMC.

generation of portable micro-
focus X-ray sources. Specialists
of LPI RAS involving MELZ and
Angstrem developed microfo-
cus X-ray generator of new gen-
eration XRS COMPACT (fig.9),
which brings together a num-
ber of innovative solutions that
provide record-breaking per-
formance, reliability and wide
scope of application. Microfocus
X-ray generator is a standalone
device, containing a minia-
ture X-ray tube and high-voltage
module. Thanks to the unique

two-stage electrostatic focusing
system and built-in high volt-
age control circuit, the focus

Puc.9. PeHmzeHoackuil 2zeHepamop XRS COMPACT
Fig.9. X-ray generator XRS COMPACT

#2 /56 /2015 NANO INDUSTRY
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Puc.10. Cxema mukpo@oKycH020 UCMOYHUKA: 1 — 3AeKMpPOH-
Hbil NY4oK; 2 = cAol Memanaa; 3 — aAMA3Has N00A0XKa; 4 — co-
smeleHHbIl Pokyc; 5 — pokycupyow,as onmuxa

Fig.10. Scheme of microfocus source: 1 - electron beam; 2 - metal
layer; 3 - diamond substrate; 4 - focus; 5 - focusing optics

NEPCMEKTWBbI UMMOPTO3AMELLEHUA

BMecTO 3aK/IIOUEeHHUSI OTMETHM, YTO pelleHHe IIpob-
JleMBl KMIIOPTO3aMeIlleHHsI IPUMEeHUTEeIbHO K PeHT-
reHOBCKOMY 060pyIOBaHHIO HAMU PacCMaTpPHBaeTCs
B HECKOJIBKMX HaIlpaB/IeHHUSIX.

ObecrieyeHHe BBICOKOTEXHOIOTMYHBIX IIPOU3BOJCTB
5)PeKTUBHBIMH CUCTeMAMHU Hepa3pyLIaoNier peHT-
TeHOBCKOM JHUAaTHOCTHUKU TpebyeT pacIINpeHUs B3au-
MOJIEHCTBHS MKy HayYHBIMH, [IPOH3BOACTBEHHBIMHU
Hu y‘-Ie6HbIMI/I OpraHHU3allUAMU [JI peIleHNs TeXHU-
YeCKHUX 33/1a4, BHeJPEeHHUS HOBBIX Pa3paboTok B IIpo-
H3BOACTBO U IIOATOTOBKU BBICOKOKBAJIHPUIIUPOBAH-
HBIX CIIeI[HaTHUCTOB. TOTBKO KOMIIJIEKC 3TUX PaKTOPOB
II03BOJIUT B KOPOTKHE CPOKH 0becrieduTh Heobxomu-
MBI yPOBEHb HHTETPALIH [/14 Peanu3aliiy 3asBlIeH-
HBIX LIeJIeH.

Ilo OTAE/JIPHBIM Ba’KHBIM HAIIPpABJIEHHAM Y>Ke II0JIYy-
YeHBI 3HAUMMBbIe pe3y/IbTaThl. K HUM MOKHO OTHECTH
CO3/IaHMe U Pa3BUTHe HOBBIX PEHTTeHOBCKHX CHCTeM Ha
6a3e JBYXBOTHOBOK CXeMbl H3MePeHH I U KOMIIAKTHBIX
MI/IKPO(I)OKYCHI)IX PEHTTE€HOBCKUX MCTOYHUKOB HOBOTO
IIOKOJIEHHS C aJIMA3HBIMHU AaHOLHBIMH IIOJJIOKKAMHU.
[l JAaHHBIX CHUCTEM C y4eToM TpebOBAHUM peasb-
HOT'O BBICOKOTEXHOJIOTTYHOTO IIPOK3BOACTBA pa3pabo-
TaH KOMIIJIEKC B3aHMOZIOIIOTHSIIOIMX METOJO0B UCCIIe-
TOBAaHUS, a TAaKKe aIlIIapaTHO-IIPOrPaMMHBIH KOM-
IUIEKC [/1S1 yAQJIEeHHOM OPraHU3aLI MK U3MEePEeHUH U 9KC-
IIpecCHON 06paboTKU IOyUYeHHBIX Pe3yIbTaToB, UYTO
SIBJIA€TCA IIPUHIUIIUAJIBHBIM [J151 dHAJIM3a OIIaCHBIX
MaTepHaJIoB, B TOM YHCJIe TOI/IMBHBIX 3IeMEHTOB aTOM-
HBIX CTAHLIH.

[IpencTaBaeHHbIe B JAHHOM CTaThe pa3paboTku
Y TIpeJJIO’KeHH I TIOAPO6HO 06Cy>KIaMIHUCh HA KPYIJIOM
crore "HoBoe IoKkosleHHe MUKPOOKYCHBIX peHTT€HOB-
CKHX MCTOYHHKOB [JIs1 Hepa3pyLIIaloero KOHTPOoJIsa
M MHOTOQYHKIIHMOHA/IbHBle CUCTeMbl PeHTIeHOB-
CKOM JUATHOCTUKHU", OPraHHU30BaHHOM PHU3UUYECKUM

size less than 30 pm is achieved.
The patented design of the anode
block with a transparent sub-
strate of single-crystal diamond
provides simultaneous genera-
tion of X-ray and optical radia-
tion. It allows visualization of
the X-ray beam, which greatly
increases the safety of the source
and facilitates the adjustment of
the measuring circuit. The use
of transparent diamond anode
substrate also provides the max-
imum brightness of the X-ray
focus.

The high position stability
and small focal spot size allow
effectively to use the focusing
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X-ray optics, including curved
X-ray mirrors and polycapillary
lenses. The use of microfocus
source with a parabolic mirror
optics allows to create a parax-
ial monochromatic X-ray beams
with a divergence of ~1 mrad
and intensity more than 107
photon/s.

In the design of a compact
source (fig.10) is used air cool-
ing system and transmission
type anode. The anode is an
optically activated diamond sub-
strate coated with a metal film,
in which X-rays are excited. The
system allows X-ray diffrac-
tion measurements of crystals

and polycrystals and creation
of desktop and mobile models
of diffractometers, reflectom-
eters and elemental analyzers.
These devices can be embedded,
including, in production equip-
ment to control the growth of
the structures in real time. High
brightness of X-ray source may
be used in deep lithography and
electroforming (LIGA) to produce
MEMS.

PROSPECTS FOR IMPORT
SUBSTITUTION

Instead of a conclusion, we will
note that the solution to the
problem of import substitution



CONTROL AND MEASUREMENT

UHCTUTYyTOM PAH um. II.H.JlebeseBa B paMKax
XIV Me>kAyHapOLHOM BBICTABKH 'Hepa3pyIlaoniyui
KOHTPOJIb U TeXHUYECKAsd JHATHOCTHKA B [IPOMBIIII-
nernHoctu" (17-19 deppans 2015 roga, Mocksa). Ocobbrit
OTKJ/IMK IOJIYYH/IU IIpe/iioskeHUsI 06 opraHu3aIuu
[IPOM3BOACTB U Pa3BUTHUH YKa3aHHBIX PEHTI€HOBCKHX
CHCTeM IIO0CPeCTBOM Pa3IH4YHBIX $OPM B3aKMOJeH-
cTBUSA B pamKax BPHKC u IIIOC.
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as applied to X-ray equipment is
considered in several ways.

Supplying the hi-tech indus-
tries with effective systems of
nondestructive X-ray diagnostics
demands expansion of interaction
between the scientific, production
and educational organizations for
the solution of technical tasks,
introduction of new developments
and training of highly qualified
specialists. Only the combination
of these factors will allow in the
short term to provide the neces-
sary level of integration to achieve
the stated goals.

On certain important areas
already obtained significant

C.70-72.

results. These include the cre-
ation and development of new
X-ray systems based on two-
wave measurement and com-
pact microfocus X-ray sources of
new generation with diamond
anode substrates. To meet the
requirements of real high-tech
production a set of complemen-
tary research methods is devel-
oped, as well as hardware and
software for remote measure-
ments and rapid processing of
the obtained results, which is
crucial for the analysis of haz-
ardous materials, including
fuel elements of nuclear power
plants.

Presented in this article devel-
opments and proposals were dis-
cussed at the roundtable “The
new generation of microfocus
X-ray sources for non-destruc-
tive testing and multifunc-
tional X-ray diagnostics sys-
tems”, organized by the LPI
RAS in the framework of the
XIV International exhibition
NDT Russia (17-19 February 2015,
Moscow). Special response was
received by proposals for the
organization of production and
development of these X-ray sys-
tems through various forms of
cooperation within the BRICS
and the SCO. .
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