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l13MeHeHIIe CTpyKTyphl noBepXHOCTII Ni, W II xpOMOHIIKeneBOH CTaJIII 
X18H10, o6nyqeHHhIX Bh!COKIIMII cpmoeHCaMII IIOHOB KpIIIlTOHa 
Bh!COKIIX 3Heprnii 

C IICilOJih30BaHIIeM CKaHIIpymmeii 3JieKTpOHHOH MIIKpOCKOilIIII II3yqeHa no­
BepXHOCTh MOHOKpIICTaJIJIIIqecKOro w' IlOJIIIKpIICTaJIJIIIqecKoro Ni II xpOMOHIIKe­
JieBOH cTaJIII X18Hl0, o6nyqeHHhIX IIOHaMII Kr c 3Heprn»:MII 305 II 245 M:aB no 
cpmoeHCOB 2*1015 II 3*1015 IIOHICM 2

• Ilo II3MeHeHIIIO CTp)'KTYPhl penbecpa 01..(eHeHhl 
K03cpcpIIUIIeHThl HCnapeHIIH (paCilbIJieHIIH) IlOBepxHOCTII 3TIIX MaTepIIaJIOB, KOTO­
pb!e OKa3aJIIICh 3HaqnTeJihHO OOJihIIIIIMII, qeM npencKa3hIBaeTCH MOJJ,eJiblO Heynpy­
roro paCilbIJieHIIH. IlpeJJ,JIO)KeH II peaJIII30BaH MeTOJJ, «cTyneHhKII» Jl,JIH 6onee Toq­
HOro II3MepeHIIH K03cpcpIIUIIeHTa IICnapeHIIH Ha npIIMepe Ni. Pa3BIITa cpeHOMeHO­
JIOruqecKa»: MOJJ,eJih, 001,HCHHIOIUM Ha6n10naeMbie Ha IlOBepxHOCTII HBJieHHH. 

Pa6orn Bhmonnena B ITa6opaTOpIIII a:nepHhIX peaKUIIii IIM.r.H.ct>nepoBa 
OIDIH. 

TTpenpHHT 06-i,e)lHHeHHOfO IIHCTHTyra ll/lepHblX 11ccnenoBaH11ii. ,!ly6Ha, 1999 

Didyk A. Yu. et al. 
Changes of Surface Structure of Ni, W and Chromium-Nickel 
Steel Crl8Ni10 Irradiated by High Fluences of Krypton Ions 
with High Energies 

P14-99-264 

The surfaces of W single crystal, Ni polycrystal and chromium-nickel steel, 
irradiated by Kr ions with energy 305 and 245 MeV up to the fluences 2*1015 and 
3*1015 ion/cm2

, were studied by means of scanning electron microscope. The 
evaporation coefficients of material surfaces were estimated on the base of 
changes of surface relief. The values of these coefficients turned out much more 
than ones predicted by the inelastic sputtering model. The method of «step» was 
offered and realized for the more correct estimations evaporation coefficient on 
the Ni example. The phenomenological model explaining the observed phenome­
na is introduced. 

The investigation has been performed at the Flerov Laboratory of Nuclear 
Reactions, JINR. 
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1. BBE,QEH~E 

f..13j"-leH11e oco6eHHOCTeH B03AeHCTBl1R RAepHO-q>l13114eCKl1X 113nj"-leHl1H 
Ha KOHAeHC11pOBaHHble cpeAbl Bbl3b1Ba)m' np11cTanbHOe BHl1MaH11e 
11ccneAOBaTeneH no 1..1en0My PRAY 06CTORTenbCTB. Bo-nepBblX, TaK11e pa60Tbl 
B8)1(Hbl C T04Kl1 3peHl1R noHHM8Hl1R ¢YHA8MeHTanbHblX 3aKOHOMepHOCTeH 
B3811MOAeHCTBHR 3apR>K€HHblX 48CTl11..1 C TBepAblMl1 Ten8Ml1 C pa3nl1'IHOH 
sneKTpOHHOH CTPYKTyPOH, a B0-BTOpblX, 0Hl1 11MelOT B8)1(HOe np11Kn8AH0e 
3H84eHl1e MR C03A8Hl1R RAepHblX ycTaHOB0K, a TaK)f(e ycK0pl1Tenei1 rn>KenblX 
3apR)l(eHHblX 4acrn1..1 [1-3]. 

Ba)l(HOe 3Ha4eH11e 11MelOT RBneH11R, CBR38HHble C 113M€H€Hl1eM CTPYKTyPbl 
nosepxHocrn np11 B03AeHCTBl111 TR)l(enblX aapR)l(eHHblX 48CTl11..1 pa3nl14HbIX 
3Heprni1 Ha M8Tep11anbI nepsoi1 CTeHKH TepM0RAepHblX peaKTopos [4-6]. 

3Ha4HTenbHbl11 11HTepec Bbl3blBalOT sonpocbl O BnHRHL-111 l10H113a4110HHblX 
noTepb 3Heprn11 TR)l(enblX 110H0B BblCOKl1X 3HeprnH Ha 3B0nl0411IO 11 
cpopM11posaH11e Ae<peKTHOH CTpyKTypbl H Ha o6pa30B8Hl1e TpeK0B B 
nonynposoAH11Kax, Merannax 11 cnnasax. 

np11 npoX0)f(AeHl111 HOHa BblC0K0H 3Heprn11 OCHOBHaR A0ilR ero 3Heprn11 
(6onee 95%) 11AeT Ha 110H113a4110HHbIe nornp11 - (dE/dx)inel, ~1 T0ilbKO s KOH4e 
npoeKTl1BHoro npo6era - s 6perroscKOM n11Ke Ha4HH8IOT npeo6naAaTb ynpyrne 
nornp11 3Heprn11 (dE/dx)e1. Asrnpbl PRAa pa6oT [1, 2] np11Aep)l(l1B810TCR MHeHl1R, 
4TO sneKTpOHbl s Merannax ycnesaioT nepeAaTb 3Hepri:-iio sneKTpoHos H3 rpeKa 
0KP~8l0ll..111M 3Il€KTp0HaM peweTK11; 11 TeM CaMblM Il0K8IlbHble neperpeBbl 
peweTKH B rpeKe 110Ha H8B03MO)l(Hbl, T8K KaK npRMOH nepeAa411 3Heprn11 OT 
3Il€KTpOH0B 110HHblM 0CT0BaM B TOH )1(8 o6nacrn He npol1CX0Al1T. no Mepe 
113Y'-feHHR scpcpeKTos rpeK006paaosaH11R s Merannax 11 cnnasax 6bino noKaaaHo 
[3, 7-1 OJ, 4TO nocne np0X0)f(A€Hl1R 110Ha 06pa3yeTCR Cl1IlbH0 AecrpyKTHp0BaHHaR 
o6naCTb C paA11ycaM11 r1~10-40 A, K0T0paR 0Kp~eHa AecpeKTHOH o6naCTblO C 
6onee HH3K0H nnorH0CTblO Ae¢eKTos 11 c paA11ycaM11 AO r2~150 A 3m 
3H848H11R paAHYC0B r1 11 r2 38BHCRT OT r11na MaTepHana 11 6oM6apA11PYIOL1..18ro 
110Ha. Ha 0CHOBaHl111 nOilj"-18HHblX B 3Tl1X pa6orax AaHHblX CAenaH BblBOA [3] o 
TOM, 4To· s Merannax rpeKbo6pa3osaH11e HOCHT xapaKTep, np11cy1.1..11111 
1130IlRT0paM. 

L.lenb HaCTORll..1€H pa60Tbl - 113y4eH11e oco6eHHOCTeH 113MeHeHl1R 
penbecpa nosepxHocrn 06paa4os Ni, W 11 xpoMoH11Keneso11 cran11 np11 
06Ilj"-18H1111 l10HaM11 Kp11nT0Ha BblC0Kl1X 3HeprnC1. 

2. 3KCnEP~MEHTAJlbHAfl METO,Ql,1KA HCCJlE,QOBAHl,11,1 

O6pa3l..lbl HHK8IlR, xp0M0Hl1KeneBOH CT8Ill1 X18H10 nepeA 06Ilj"-18Hl18M 
nocne MexaHl14ecKoi1 o6pa6oTKl1 3I1eKTpon11r114ecK11 non11posan11cb MR 
AOCTl1)1(8Hl1R xopowero Ka4ecrsa nosepxHocrn MR nocneAyio1.1..111x 
11CCI1€AOB8H11H. nocne 3T0ro o6pa34bl Hl1KeI1R 11 cran11 0T)l(l1ran11cb B B8KYYM€ 
10·

3 
na np11 reMneparype 700°C s Te4eH11e OAHoro 4aca. O6pa31..1bl 

M0HOKpl1CTailnl14€CKOr0 B0nbcppaMa 11M8Ill1 11CXOAHO A0CT8T04H0 xopowyto 
nosepXH0CTb. .QaHHble o6pa34bl 6blnl1 npeA0CTaBneHbl f..1HCTl1ryTOM cpH311Kl1 
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MerannoB (r.EKarep11H6ypr). Pa3Mepbl o6pa3ll0B Bb1611pam1cb AOCTaTOYHblMl1 
(10x10 MM

2
) Mfl 11X 113j"-leHl1fl Ha CKaH11py10U(eM 3Ilel{fp0HHOM Ml1KpOCKone ~SM-

840 (C3M) c npocTpaHCTBeHHblM paapeweHl1eM 100A.. 
O6pa34bl np"Kne~eanl1Cb . K MeAHOMy Aep>KaTenlO, OXIlruKAaeMOMY. 

BOAOH, C 11cnonb30BaH11eM TennonpOBQAflutero KJJefl .Ha cepe6ps:rHOH OCHOBe. 
O6nj"-leH11e npOBOA11Il0Cb np11 KOMHclTHOH TeMnepaTYpe B BaKYYM8 (He xy>Ke 
10-6 TOpp). 

,Qns:r 11ccneAOBaH11i1 crpyKTypbl nosepXHOCTl1 C 11cnonb30BaHl1eM C3M 
o6pa3llbl Hl1Kens:r, sonbcppaMa 11 cran11 X18H10 06nyYan11cb 110HaM11 86Kr 
(sHeprns:r 110H0B cocrasns:rna . 245 11 305 MsB) AO cpn10eHcos <l>•t=1015 11 
2•1015 110H/cM2, rAe <l> - nnorttocr11 n_oToKa 110Hoe, at - speMs:r 06nyYeH11s:r. np11 
11a6ope 6onbWl1X cpnlOeHCOB nnOTHOCTb noroKa 110HOB 113MeHs:rnacb B npeAe.nax 
<!>=(1-2)•1011 110H/(cM2•c). ToYHOCTb 113MepeHl1fl noTOKa 110H_OB 11 Ha6paHHoro 
cpnlOeHca . COCTaBJlflna ±5%;. np11 cpnlOeHcax, npeBblWalOU(l1X · 1014 110H/CM2' 
rpeK11 or OTAenbHblX 110H0B nepeKpbIsa10TCfl · w MO>KHO 6brno 11ayYaTb ronbKO 
11HTerpanbHble 3cpcpeKTbl. . 

3. PE3Y,Jl_bTATbl H O6CY>K,QEHHE 

Ha. p11c.1 np11BeAeHbl q>OTOrP.a¢1111 crpyKTypbl nosepXHOCTl1 Ni, 
Heo6nyYeHHoro 11 o6nyYeHHoro 110HaM11 86 Kr c 3Heprnei1 305 MsB AO cpn10eHca 
<l>•t 0,: 2•1015 110H/cM2. <l>ororpacp1111 6blnl1 . nonyYeHbl MeTOAOM C3M Ha 
CKaH11py10U(eM Ml1KpOCKone JSM-840. . 

. B cnyYae .o6pa3llOB MOHOKp11crann11YecKoro sonbcppaMa npo11aowno KaK ~ ~ 
paCnbrneH11e.. scex BblCTYnalOU(l1X · HeOAHOPOAHOCTei1. Ha nosepxHOCTl1, 
scneACTBl1e . Yero nocne of5nyYeHl1fl MO>KHO B11AeTb maAKYIO nosepxHOCTb C 
BblCOKOH creneHblO OAHOPOAH0CTl1. ,Qns:r o6pa3ll0B Hl1Kens:r TaK>Ke npo11aowno 
cma>K11Batt11e penbecpa nosepxttocrn, YTO. oco6eHHO xopowo B11AHO 113 
cpaBHeHl1fl 113MeHeHl1H BblCOTbl BblCTYnalOU(11X aepeH (p11c.1 a 11 6) C 
OAHOBpeMeHHblM 3HaYl1TenbHO 6onee Cl1IlbHblM 11cnapett11eM Marep11ana Ha 
rpaHl1llaX aepeH. ,Qns:r xpoMOH11Kenesoi1 cran11 C TOI1U(l1HOH o6pa3ll0B 13.6 MKM 
Ha6n10Aancfl aHanorl14HblH scpcpeKT, C OAHOBpeMeHHblM o6pa30BaHl1eM Ha 
nosepXHOCTl1 nonyccpep11YeCKl1X BblCTYnOB .. npaKTl-1YeCKl1 aHanornYHafl KaprnHa 
6brna nonyYeHa np11 06nyYeH1111 xpoMoH11Kenesoi1 cTan11 X18H10T 110HaM11 Xe 
(CM. pa60TY [11]). B AaHHOH pa6ore 6brnO noKa3aHO, YTO np11 pocre cpnlOeHCOB 
o6nyYeHl1fl npol1CXOA11T npeo6pa30BaH11e TaKl1X BblCTYnOB B MOHOKp11crannbI. 
Itta cpororpacp11i1 crpyKTypbl nosepxHocrn Aflfl o6nyYeHHblX 11 Heo6nyYeHHblX 
MaTep11anoB MO>KHO OlleH11Tb K03cpq>l1ll11eHTbl 11cnapeHl1fl aTOMOB Ml11.1;1eHei1 Ni, 
w 11 xpOMOHl1Kenesoi1 CTanl1 X18H10, 3HaYeHl1fl KOTOpblX npeACTaBneHbl B 
Ta6n11l1e 1 •. , 

8 MeCTe . HaXO>KAeH11fl rpaH11llbl Me>KAY . 3epHaMl1 K03(p(pl1lll1eHT 

11cnapeH1-1.s:r AJlfl Hl1Ken.s:r AOCT11raer _,2000 aTOM/110H, YTO np11MepHO B 4 paaa 
BbIwe attaYeH1-1i1 Koscpcpl1lll1eHra 11cnapeH11.s:r Marep11ana c nosepxHocr11 aepHa 
(CM.pl1c,1). lttCXOAfl 113 OlleHOYHblX 3HaYeHl-1H K03(p(pl1lll1eHTa lf'icnapeHl1fl MO>KHO 
BblYl1CI111Tb xapaKTepHble paaMepbl o6nacrn, B KOTOpo'1 aTOMbl Ml1WeH11 6b1Ill1 
BblHy>l<LleHbl nOKl1Hyrb CBOl1 Mecra B pewerKe, Ailfl 3Tl1X OlleHOK MO>KHO 
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r..tcnOilb30BaTb AOCTaT04HO npocTOe npr..t6Ilr..t)f(eHr..te. 6yAeM C4r..tTaTb, 4TO aTOMbl 
r..tcnapRIOTCR f.-13 KOHyca C p83MepaMr..t: Ar..taMeTp 0611acrn - DMcn, a my6r..tHa - HMcn­
.[lnR paC4eTOB 1.1cn0Ilb3Y8M npocToe np1.1611r..t)f(eHr..te DMcn=HMcn, T.e. C41.1TaeM, 4TO 
r..tcnapeHl.18 npor..tcxo,qr..tT 'r..13° KOHyca C yKa3aHHbIMr..t BblW8 pa3MepaMl.1, KaK B 
[11,12): Tor,qa·o6beM 1.1cnapeHHoro Marepr..1a11a CB$13aH c Ar..taMeTpoM 0611acrn 
1.1cnapeH1.1R cooTHOWeHr..teM · 

· V = 1t~D~c/ •HMcn /12 (1) 

8 Bblpa)f(8H1,11.1 (1) 06b8M r..tcnapeHHoro MaTep1,1a11a OLl8HMBaIICR 1,13 p1.1c.1, 2 1,1 

aaTeM nepeC41,1Ti>IBaIICR B Al.1aMeTp o6micrn i,icnapeHMR DMcn 1,1 ee my61.1Hy HMcn• 
,Qi1aMeTpbl DMcn 1.1 · my61.1Hbl HMcn KpaTepOB Ha. nosepxHocrn B . M8CTe 
npoXO)f(,A8Hl.1R l.10Ha npeACTaBI18Hbl B ra6111,11.1e 1. ' . -

· HM)f(HRR rpaH\iQa 3Ha48Hl.1R K03cpcp1.11.11.1eHTa ·i,icnapeHMR, no11Y4eHHaR B 
pa6orax- · · [11, 12}✓ · noCI1e. ·0611Y4eH1.1si . np1.1 noebrweHHblX TeI1,meparypax 
xpoMOHMKenesoti cra111,1 X18H10T (T06n=400-650°C), , comacyeTcR c 
K03cpcp1.11.11.1eHTOM i,icnapeHMR K>BO aTOMIMOH np1.1 0611y4eHMl.1 CTa111,1 X18H10 npi,i 
KOMHaTHOti TeMneparype (AaHHaR pa6ora). 8TOT. q,aKT nOATBep)f(,AaeT 
l.13110)1(8HHbl8 B [11] npeACTaBil8HMR 06 1,1cnapMT8IlbHOM MexaHM3M8 
o6pa30BaHl.1R KpaTel)OB Ha nosepXHOCn1; TaK KaK K03cpcp1,141,1eHT i,icnapeHMR He 
3aBl.1Cl.1T OT TeMneparypbl 06IIY48Hl.1R (Ttr » Totin) . 

.. 0TM8TMM, 4TO ,qiJR XpOMOHl.1K8118BOti CTaill,1 Of.18HMTb K03cpq:>l.1l-lM8HT 
1.1cnapeHl.1R (pacnbl118Hl.1R) AOCTaT04HO TPYAHO, TaK K8K Ha cpoTOrpacpl.1RX He 
Bl.1AHO AOCTaT04HO xapaKTepHblX l.13M8H8HMti pe11becpa- AJIR onp8A8118Hl.1R K. 
no3TOMy•npMB8A8HHOe 3Ha48Hl.18 K 3Ha4MT8IlbHO M8HbW8, 48M 1,1Cn1HH08. 3TO 
)1(8 KacaaTCR 1,1 K03Q>q:>"1l-lM8HTOB ·r,;cnapeHMR AIIR HMK8IIR 1.1 BOilbcppaMa, KOT0pbl8 
HOCRT, B 3Ha41.1T8IlbHOti Mepe, Of.18H04Hblt1 xapaKTep. 

.[lnsi 6011ee T04Horo onpeAe11eH1.1R K03~cp1,141,1eHTa 1.1cnapeHMR 06pa3e4 
Hl.1K8IIR, 06IIY48HHblti AO q:>Ill08HCa <!>•t::,<2.•101

. l.10HICM2, 6bl11 3aTeM nepeKpblT 
AMacpparMoti Ha no110B1.1Hy 06I1Y48HH0'1. 4aCTl,1, a · 3aTeM AOnOIIHMT8IlbHO 
0611Y4eH MOHaMl.1 86Kr C 3Heprne'1 245-M3B AO cpmoeHca <l>•t=1015 l.10HICM2. no 
BblCOTe cryneHbKl,1 Me>K.Qy OAHOKpaTHO 1,1 ABYKPaTHO 06I1Y48HHbfMl,1 4aCTRMl,1 (CM. 
pi,ic.2), KOTOpaR COCTaB1.111a h = 0.35 MKM, 11erKO Bbf41,1CJll,1Tb K03cpcp1,141,1eHT 
1.1cnapeHl.1R KNi2, KOTOpblti OKa3aIICR paBHblM KNi2 ~ 3000 aroMIMOH. 3T0 
3Ha48Hl.18 npeBblWaeT 3Ha48Hl.18 K03cpcp1,141,1eHTa 1.1cnapeHMR, nc>I1Y48HH08 npl.1 
O,QHOKpaTHOM 06IIY48Hl.1l.1, AOBOilbHO 3Ha4MT8IlbHO'. .QhR AByKparnoro 06I1Y48Hl-1R 
Ni TaK)f(8 MO)f(HO Of.18Hl.1Tb AMaMeTp KpaTepa Ha nosepxHocrn 38pHa; 1,13 KOTOporo 
npOMCXOAl.1T i,icnapeHMe aTOMOB Hl.1K8IIR - DNi2 ~ 34 A. 

06CYAMM Aanee ·so3MO)f(Hbl8 MexaHM3Mbl TaKoro nOB8A8Hl.1R. 8 pa6oTe 
[11 A8I1aeTCR yTBep>K.QeHMe, 4TO TeMneparypa B TpeKe TR)f(8110ro MOHa B 
M8Ta1111ax He MO)f(8T npeBblWaTb H8CKOilbKMX A8CRTKOB rpaAycoe. 8 6011ee 
n03AH8'1 pa60T8 [18] noKa3aHO, 4TO AJIR l.1A8ailbHOro Kpl.1cTa1111a TeMneparypa B 
TpeKe M0)1(8T AOCrnraTb H8CKOilbKMX TblCR4 rpaAYCOB. 

8 pa6oTe [13] BblCKa3aHbl OCHOBHbl8 noIIO)f(8Hl,1R O TepMM48CKOM n1.1Ke, 
npl.1BOARIJ.l8M K CO3A8Hl,1IO Tp8KOB B AM3118KTpl.148CKMX MaTep1,1a11ax. 8 pa6orax 
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Pi,ic.1. <!>oTOrpacpr.11,1 CTpyKTypbl noeepxHocrn no11MKpl-1CT8IIIll,148CKOro Ni AO (a) 1.1 

nocne 0611y4eHr..tH (6) 1-10HaMr..t 86Kr .c 3Heprne'1 305 M38 AO cpmoeHca <l>•t "" 
2• 1015 l-10H/CM2 (x35000). 

Pl.1c.2. <!>oTOrpacpr..tR CTpyKTypbl noeepXHOCn1 no11~Kpi1CTaIIIIMl.f8CKOro· Ni, 
0611y4eHHoro AO cpmoeHca <!>•t "'-2•1015 + 1•10

15 
~oH/cr.-,

2 
llioHaMr..t 

86 
Kr c 

3Hepri1RMl-1 305 M3B 1,1245 M3B COOTB0TCTB8HHO (H1,1)f(HRR ljacTb cp0Torpacp1-1i-1) 1,1 

,qo cpmoeHCa <!>•t·"" 2•1015 i1oH/cM2 (BepXHRH l.f8CTb cpoTOrpacj:)1-11-1). 81,1AH8 
cryneHbKa, pa3ASIIRIOIJ.laR 3m ,qse 06:rrac-i-1-1 (x5000). · 
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(11, 12] HCn011b30BaHbl OCHOBHble n0110>K9Hl,1.R pa60Tbl (13] ,QIU! 06b.RCH9HH.R 
06pa3oeaH~.R TpeKoB B a11Ma3e 1,1 xpoMOHHKe11eeo'1 cTa111,1 X18H10T,. 

CoepeMeHHble. npe,Qcrne11eHH.R o B03,Qe'1CTBHH T.R>Ke11b1x ::.HOHOB Ha 
M9Ta1111bl 1,1 cn11aBbl H3110>K9Hbl B pa60TaX (14, 15]. 13 3THX pa66rnx ,Qll.R 
on1,1caHH.R ,QecpeKT006pa30BaHH.R B MeTa1111ax paccMaTpHea11acb -
MO,Ql,1cp1,141,1poeaHHa.R MO,Q911b "rcyllOHOBCKOro . B3pb1Ba", COr118CHO -~OTOp0'1 
HMeeTC.R np.RMa.R nepe,QaYa 3HeprnH OT HalleTalOutero HOHa H9CK011bKl,1M 
aTOMaM MHW9HH KOrepeHTHO B npOCTpaHCTBe H epeMeHH (3). MO,Q911b 
TepMHYecKoro nHKa 1,1cno11b30eanacb·, B [16] ,Qll.R o6b.RcHeHH.R npo4eccoe 
TpeK006pa3oeaHH.R H 04eHKH · pa,Q1,1yca Tper<a B aMopcpHblX cn11aeax c 
M9Ta1111HY9CK0'1 npoBO,QHMOCTblO. . 

KaK 6b1110 noKa3aHo B pa6ornx (3,11,16,17], e MeTa11riax eno11He·Mo>K1-10 
np1,1MeH.RTb MO.QeJlb TepMr,NecKoro n11r<a. All.R MeTa11noe CYLl.l9CTeyeT c1,1iya41,1si, · 
KOr,Qa BblCOKa8 . n110THOCTb d-3119KTµOHOB 611aronpH.RTCTByeT arieKTpoH:. · 
cpOHOHHblM B38HMO,Q9HCTBH.RM (3, 17). 8 Ta6_111,14e 1 npe,QCTaB119Hbl O~HOBHbl8 . ' 
B9111,1Yl,1Hbl, xapaKTepH3YIOLJ.tl,19 Ten110Bbl8 npo4eCCbl B 1,13yY89MblX MaTepl1a11ax,. 
TaKHe, KaK Ttr, Tnn, TK11n, L11cn, KOTOpble 6YAYT Hcno11b30BaHbl B ,qa11bH9HWHX 
04eHKaX. Ansi BblYHC119HH.R TeMnepaTypbl B TpeKe Hcno11b3yeM npe,QCTaB119HH.R 
pa6oT [17, 11], B COOTB9TCTBHl,1 c KOTOpblMl,1 TeMnepaTypa B TpeKe 
onpe,Qe11.R9TC.R 1,13 .Bblpa>KeHH.R 

• . . . 2 ... 
T1r(x)= Sinet (x)/(1t•R1r •Ci*Pi), (2) 

r,Qe Ci - YA911bHa.R Ten11oeMKOCTb MHWeHH; Pi H Rtr - nllOTHOCTb.1,1 pa,QHYC TpeKa 
HOHa COOTBeTCTBeHHO, a X - my6HHa B MHWeHH B Hanpae11eHm1· npoeKTHBHoro 
npo6era T.R>Ke11oro · HOHa Rp. Pa.QHYC TpeKa nponop41,10Ha11eH y,Qe11bHblM 
HOHl,138'-IHOHHblM noTep.RM 3Heprn1,1 Sinel (17]: 

R1r (x) ~ (Siner(x)) 
116

• (3) 

.Qa11ee, ,Qll.R 04eHoK, 6y,QeM paccMaTpHBaTb Tef-1nepaTypy TpeKa B6111,131,1 
noeepxHocrn T1r(x = 0) , nocKollbKY HMeHHO oHa onpe,Qe11.ReT TeMnepaTypHbre 
acpcpeKTbl np1,1 1,1cnapeHHH. __ _ . 

8 pa6oTe [17] · 6bl11H. C,Qe118Hbl 04eHKl,1 pa,QHyca, _ TeMnepaTypbl 1,1 
xapaKTepHoro . epeMeHH · pacn11b1BaHH.R Tp.eKa ,Qll.R >Ke11e3a; 0611yYeHHoro 
OCK011K8MH ,Qe11eHHH c MSCCOH 100 aeM H 3Heprne'1 100 MaB, KOTOpble 
OKa3a11HCb CJ18.QYIOLJ.t"1MH: Rtr = 50 A, Ttr = 6000 K, •tr ·= 10·12 C. 3aMeTHM, YTO B 
3TOM CllyYae YA911bHble HOHH3a4HOHHble n0Tep1,1 3HeprnH OCK011KOB ,Q9Jl8H1,1.R 
.R,Qep ypaHa cocTaBJl.RIOT Siner ~ 25 MaB/MKM. 

B Ta6111,14e 1 npHBe,QeHbl TeMnepaTypbl 1,1 xapaKTepHble Pa.QHYCbl TpeKoB 
T.R>K8JlblX HOHOB 86 Kr C 3Heprne'1 245 M38 B H3yY8HHblX MaTep1,1a11ax. 

0TM8THM, lffO Bbln011HeHHbl9 04eHKl,1 TeMnepaTyp Ttr HOC.RT 
np1,1611r.1>KeHHblH xapaKTep, TaK KaK B Bbrpa>KeHHH (2) He . yYHTbreaeTc.R tio11si 
Heynpyrnx noTepb 3Heprn1,1 HOHa, KOTOpa.R nepe,QaeTC.R OT HarpeTblX 3JleKTpOHOB 
B TpeKe 3JleKTpOH8M OKpy,t<eHH.R, YTO npHBO,QHT K ,QHCCHna41,11,1 3Heprn1,1 1,13 
06112cm TpeKa. 
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B pa6oTe (18] noKa3aHO, YTO epeM.R nepe.QSYl,1 3H0pr1,11,1 OT B036Y>K,QeHHblX 
noc11e npoxo>K,QeHH.R rn>Ka11oro HOHa· a11eKTpoH0B aToMaM 'peuieTKH '1<p1,1ci"a1111a 
COCT8B11.R9T 10·12 C, H ai"OMbl.. peweTKH He ycneearoT HarpeTbC.R AO 
cyuteCTBeHHblX TeMnepaTyp. 8 CilyYae KPHCi"a1111a C AOCTSTOYHO BblCOKHM 
KOllHYeCTBOM BBe,QeHHblX pa,QH84HOHHblX ,QecpeKTOB 3TO Bpellil.R yMeHbW88TCSI 
AO 10-13 C, YTO npHBO,QHT K 3H8YHTeilbHOMy Harpeey STOMOB, pacn11ae11ei-11,1ro 1,1 
o6pa30B8H1,1IO TpeKOB (18]. "KoHeYHYIO TeMnepaTypy ·Ha. OCH TpeKa MO>KHO 
04eHHTb no cpopMy11e [18] • . " 

T1r'=[(2•h•S2•N•cro•a•ra2• To 112•{(T ofi;F) 112-1 )}/(9•a•f3)]
112

, (4) 

r,Qe S - CKOpOCTb 3ByKa; N - n110THOCTb aTOMOB' Mi-1WElHW; cro = ·. 2•1t•aa2; ao -
6opoBCKHH pa,QHyc; ro - H8Y811bHblH pa,QHyc o6hacrn B036Y>K,QeHHblX 
3119KTPOHOB; To- nepBOHaYallbHa.R TeMnepaTypa 311eKTpOHOB B B036Y>K,QeHHOH 
0611acrn; a·;. nOCTO.RHHa.R peweTKH; a ~ 0.05 as·1 1,1 13 ~ 0.1 38"1 - noCTO.RHHble, 
c11a60 38BHC.RLJ.tl,19 OT BH,Qa aTOMOB MHUieHIA All.R z ~ 20. PacYeT,· Bbln011HeHHblH 
no aToH cpopMy11e, ,QaeT ea111,1y1,11-1y TeMnepaTyp61 · e· TpeKe TIr' 'i::J 3700 K. 
CpaBHHBasi TeMnepaTypbl B TpeKe ,Qll.R Ni, noilyY8HHble rio cpopMy11aM (2) 1,1 (4), 
c yYeTOM 3aMeYaHH.R K Ta6111,14e 1, MO>KHO CA8118Tb BblBOA, YTO o6e ot.teHKl,1 
,QalOT TeMnepaTypbl B TpeKe, npeBblWSIOLJ.tl,19 TeMnepaTypy n11ae11eHH.R. 

Ta6111,14a 1. 3HaYeHH.R npoeKTHBHblX npo6eroe (Rp) B HHKe11e, XpOMOHHKe11eBOH 
CTalll,1 1,1 BOllbcppaMe HOHOB 86Kr (305 MaB), BellHYHHbl 1,10HH3a41,10HHblX noTepb 
3Heprn1,1 (Se = (dE/dx)iner), K03cpcp1,141,1eHTbl HcnapeHH.R (K), ,QHaMeTpbl (D11cn) H 
my61,1Ha KpaTepOB (H11cn), 04eHOYHblH pa,QHYC TpeKOB (R1r) (18], Ter,,mepaTypa B 
TpeKe (Ttr), a TaK>Ke Tnn, T KIin H L11cn- PacYeT Rp 1,1 Se Bbln011H8H no nporpaMMe 
SRIM. 

MaTeo1,1a11 Ni X18H10 .W, ... 
R~, MKM 14.2 15.4 11.9 
Se, MaBIMKM · . 28 24.5 35 . 
K, 8TOM/HOH ~ 500 :::, 80 ~ 1260 
.QHaMeTp KpaTe- , 27.6'1,144 A•> 15.6A 42.4A 
oa; D11cnfH11cri 
Rtr,A. '. ~50A' . ~ 50 A . ~ 50 A 

TeMnepa-rypa B 1.04•104 K ·o.95•10 4 K 2. 2•10 4 . K 
'TpeKe,T1r 
TeMnepaTypa 1728 K . . 1673 K. 3693 K 

nnaeneHH.R, Tnn 
·. 

TeMnepaTypa · 3073 K ~3145 K**> 5953 K 

KHneHH.R, T KIin 
Tennorn -. cy6111,1- 6.38 K.[t>K/r 6.27 K/].>Kfr I 4.18 K.[t>K/r 
M8'-1"1H,·L11cn 

OTHOCHTC.R K pacnb111eHHIO rpaH1,14 3epeH, 
""J 03HaYaeT, YTO napaMeTpbl ,qII.R xpOMOHHKeneeo'1 CTam1 B3.RTbl T8Kl,1Ml,1 )Ke, KaK ~ ,qII.R 
>Kene3a, nOCKOilbK}' KOH4eHTpa411.R 3TOro 311eMeHTa B CT811'1 X18H10 COCT8B11.ReT 72 %. 
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KaK B"1AHO, TeMnepa-rypbl Ha noeepXHOCTr.1 "13Y"f8HHblX MaTep1,1anoe e·3-4 
pa3a npeB0CXOA.RT l,1X i-eMnepa-rypbl Kr.1rieH"1.R TKMn 1,1 TeM 6onee TeMriepa-rypbl 
nnaeheHr.1.R T nn (cM.rn6n.1). no3TOMY npo~eccb1 1,1cnapeHr.1.R MOl)'T npo~cxOA"1Tb 
38 "epeMeHa, MeHbW"1e, 48M epeM.R CYUl8CTBOB8H1,1.R TpeKa •tr- To 8CTb 38 
epeMema, .rip1,1 KOT0pblX TeMnepafypa E! TpeKe Ha noeepxHocrn CT8H9T_ H~>Ke 
TeMnepafypbl 1,1cnapeH"1.R. B pa6oTe [11] 6bin TalOKe eae,qeH KP"1Tepr.1£1, KOl"Aa 
1,1criapeHr.1e Har.16onee ~HTeHcr.1eiio, K0i"Aa nnoTH0CTb MOUIHOCTr.1 PMoH, BHOC"1Mo£1 
r.10HoM np1,1 ero npoxo>KAeHr.11,1 4epe3 o6nY"faeMyio noeepxHocTb, npeebiLi.iaeT 
nnOTHOCTb Kpr.1Tr.14eCK0£1 MOUIHOCTr.1 1,1cnapeH"1.R PKp• Bb1pa>KeH"1.R Afl.R 3nix 
Befl"14"1H "1M8IOT B"1A [11 ]: 

PMoH = 4•LiE/(1t•DMcn 2•tnp), · 
. PKP = .4•Ki•LMcn•HMcn*p/DMcn

2
• (5) 

3A8Cb LiE - 3Heprn.R, Tep.ReMa.R T.R>K8flblM 1,10HOM OT noeepXHOCTr.1 AO rny6r.1Hbl 
HM~ 38 epeM$1 ero nponen~ 3T0£1 rny6r.1Hbl tnp = HMcn/(2•E/M)112. E 1,1 M - 3Heprn.R 
1,1 Macca T.R>Kenoro r.10Ha. KaK nerKo noKB38Tb. Afl.R "13Y"feHHblX MaTepr.1anoe, c 
xapaicrep"13YIOUl"1Ml,1 l,1X K03(p(p"1lt"18HT8Ml,1 LMcn 1,1 3H848Hl,1.RMl1 DMcn 1,1 HMcn (CM. 
rn6n1,14y 1), BbmonH.ReTc.R ycnoe1,1e 

PMoH>>PKp. (6) 

CneAOB8T8flbHO, np_o4eCCbl 1,1cnapeH"1.R A0fl>KHbl "1AT"1 B8CbM8 3cpcpeKT"1BHO. 

4. Bl::,180,Qbl. 

MoAenb Heynpyroro pacnbineHr.1.R MeTannoe 1,1 cnnaeoe [1, 19] He. 
On"1Cb1B88T CTOflb 3H841,1T8flbHblX K03cpcp1,14r.1eHTOB 1,1cnapeH"1.R 1,13y4eH,HblX 
MaTep1,1anoe, 4TO, no-B"1A"1MOMY,. CB.R38H0 C T8M, 4TO OCHOBHble ee nono>K8Hl,1.R 
OCH0B8Hbl Ha paCCMOTpeH1irn "1A88flbHblX Kpr.1CTannoe. npr.1 3H84"1TenbHblX 
cpnioeHcax 06flY"f8H1,1.R KP"1CTann nepecrneT 6b1Tb "1A88flbHblM, 1,1 ponb 
A8(p8KTOB CT8HOB"1TC.R npeo6naABIOUl8'1. . 

3cpcpeKT yeenr.148Hl,1.R K03(p(p"11.1"18HTOB 1,1cnapeHr.1.R no Mepe B03P8CTaH"1.R 
cpnioeHca (Ha npr.1Mepe 06pa34oe Ni) no3B0fl.R8T CA8fl8Tb BblBOA O TOM, 4TO B. 
ABHH0M CflY"f88 "1M88T M8CTO 1,1cnapeHr.1e MBTep1,1ana 38 C4eT HaKonneHr.1.R 
AecpeKTOB "1 l,1X KOMnneKC0B, KOTOpble .RBfl.RIOTC.R .noeywKBMl,1 Afl.R 3neKTpOH0B _ 1,1 
CH1,1>K8IOT Aflr.1HY CB060AHOro npo6era "rop.R41,1X" 3fl8KTpOHOB C OAH0BpeMeHHblfJJ 
YM8HbW8H"18M 3fl8KTpOHH0£1 TeMnepa-ryponpoBOAHOCTr.1 1,1 TeM C8MblM npr.1BOART 
K B03pacTaH"1IO TeMnepa-rypbl B TpeKe T.R>K8flblX 1,1QHOB. . 

"1cnonb30B8H1,18 MeTOAa AB0£1Horo o6nY"f8H"1.R, 38KnlOY8IOUl8fOC.R, B 
nepB0H848flbHOM nonY"f8Hl,11,1 AOCTaT04HO rnaAK0'1 noeepXHOCTr.1 np1,1 nepBr.14HOM 
o6nY"f8Hl,11,1 .· Ha BCeM 06pa34e, a 38T8M o6nY"feH"1e 48CT"1 0AHOKpBTHO 
o6nY"feHHOl1 noeepXHOCTr.1 (C nepeKpblT"18M ,c:tpyrol1 OAHOKp8THO 06flY"f~HH0£1 
4acrn A"1acpparMo£1) Heo6XOA"1MblM cpnl()eHCOM no3BOn.ReT np1,1 - "13Y"f8H"1"1 
3cpcpeKTOB 1,1cnapeH"1.R MaTep1,1ana . 1,13M8p.RTb . C He06XOA"1MOl1 T04H0CTblO 
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K03(p(p"11.1"1eHTbi pacnblfl8H"1.R. np1,1 3TOM B03M~)l{H0 AB>Ke "1CnOflh30BaT~ TBKr.18 
MeT0Abl, KaK CTM. . . •. ; . . . 

npeACTBBfl.ReTC.R BB>KHblM npO.QOfl>K"1Tb AaHHbl8 3KCnep"1M8HTbl Afl.R 
nOnY"feHr.1.R· 6onee A8Tafl_bHblX npeACTaeneHr.1'1' 0 MexaH"13Me. B38"1M0,Qel1CTB"1.R 
T.l'l>KeflblX l,10HOB BblCOK"1X 3Hepn1l1 C M8Taflfl8Ml,1 1,1 cnnaBaMi-t: . . . 

ABTOpbl ABHHOl1 pa60Tbl Bblpa>KBIOT "1CKpeHHIOIO . npr.13HaT8flbHOCTb 
IO.H.Henr.1HCKOMy 38 1.18HHble 1,1 none3Hble 38Me_4c!H"1s:1, BblCK83aHHbl9 . np1,1 
06cy>K,qeHr.11,1 OCHOBHblX KOH4en1.11,1" ABHHOl1. pa6oTbl. · · . . , 

Pa6orn BbtnOnHeHa npr.1 noA.Qep>KKe npoeKTa MHTL{ N 467 · 1,1 'np1,1 
48CT"14HOH noA.Qep>KKe P<l><t>l,1 (N99-02-18145). . . . 

. . . . 
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