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Whlle solvmg many problexns ol' radlatlon matcnal sc1ence con-;~
’ nected with mvestlgatlon of behaviour and influence upon the struc-"

ture and properties of structural inaterials of transmutatlon impuri-

. ties, in part1cular atoms of llehum and/or hydrogen, thieir 1rrad1at10n B
by hlgh energy (tens of MeV) alpha particles and protons is used. One’ “ -
L iof the major advantages of high cnergy paltlcles is their poss1b1l1ty to ..
i ”penetrate into objects for great depths (hundreds of mlcrons) How-""a" e
-ever, pecuharltles of physxcs of damage and ion alloymg by high energy
R partlcles do not provide cond1t1ons of uniform: forination of radlatlon]:- R
~defects and storage of ions along the path of movemcnt of the parti-- '

cles in the sample ’lhus it is necessary lo use tlle speclal wvariations B
_of irradiation methods." In paper [1] an. overview of available meth-.

- -ods. of formatlon of umform volume concentratlon of- 1mplanted ‘jons’

vis given. "One or another method of changlng range of the pro_|ect11es’.' o
" in a sample material is at the basis of the methods. The method of "
changmg the: partlcle range due to the change of the’ angle of thelr‘“
" “incidence onto the surface of the sample durmg its inclination, sug- -
gested by the author, needs special . regulatlon of rate of the sample" ,
. rotation followmg a complex law:- by means of ‘a computer Aset of: .
: . .thin absorbent foils or varying tlnckness absorbent filters, for example SNy
" “in the shape of a wedge [2], are used more often. However,. there isa 0
T ‘C,,"‘ma_lor disadvantage of these methods i e the dlfliculty of productlon S
Of the absorbent ﬁlters T SR S e
" Three s1mple pract1cal methods of 1rrad1atlon w1th lngh energy'}'"‘“'
: partlcles prov1d1ng the conditions of obtalmng a uniform volume con- ‘
- ‘centration of the 1mplanted 1ons in the massive samplcs are descrlbed R
o “f»'l'm the present paper.; Dl o ' i : i
. Reahzatlon of the condltlon of two sxded 1rrad1at10n of a plane"it
R ‘sample durmg its rotatlon in the flux of the pro_]cctlles is the basic of . ;
. thefirst’ method, excludmg the use of a computer to regulate rates of

: mclmatlon of the irradiated sample

", The conditions needed for obtamlng a umform volume concentra-
i .'tlon of 1mplanted ions are: SR St

il thlckness of the 1rrad1ated sample must be equal to or less than
 the length of pr0_|ect1ve range of i ions of given encrgy in a material,
SRR un1form1ty of ‘the flux of the partlcles over Cross- sectxon of the ,
S ‘beam’ incident to' the’ sample WlllCll 1s obtamcd by 1ts scanmng over«
f““,’_the sample surface, P L e . e :

- the size of ion beam must be no less than the area of the irradiated
sample. '

Two moments of irradiation of a plane sample for different angles of
incidence of ion beam (>0 and ¢=0) with flux density no are shown
in Fig.1. As it is seen, the depth of penetration of ions in the sample
(z) is changed depending upon the angle of its turn (i) following the
law £ = Rocosp (Ro is the value of projective range of the particles)
and width of straggling zone is b = bycosep.: For this, density of ion flux
incident to the sample is changed accordlng to the law n = ngcosy,
therefore an average concentration of ions in straggling zone is not
changed as for as ngcosy/bocosp=no/bo.

If a function is introduced

C L for y20
B(y) = { (1)
0 for y<o0
then the rate of alloj;ing dp(:c)/dt in any point of the sample (z)
can be defined in a common form:

dp(X) _
dt

{0 (x - Rocosrp) 0[x — (Ro + coscp]} (2)

where p(z) is concentration of ions at the depth of the sample (z).

Having integrated this expression over time from 0 up 7 /2w (w is
the rate of the sample rotation) we obtain concentration of ions'at the
depth of sample z during a quarter of a period:

e b, I
p(@)rys = 3 |0(Bo = z)arcsing- — O(R, + 5 — s)aresinp— |
o (3)

To obtain a total number of implanted ions (N) over the whole
thickness of the sample during a quarter of a period it is necessary to
integrate the last expression over z from 0 up to (Ho + %"-) We find
that N = np/w, and average concentration of ions in the sample is
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Fig.1. The change of depth (x). and width (b) of ion

straggling zone while rotating samples.
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Fig.2. Profiles of the concentratlon (6p) in plane samples

with . thickness (R —2b) at rotation in the flux of

pro*jectiles- 1 and 1’ - at 1rrad1at10n of the side of the

planes,A orvB',' respectlvly, ~;2A - under condltlons of'

. cont inuous rotation.

P T = (@
Then a relatlve concentration of ions obtamed over z depth will
be determined by the expresswn

p(x)TM 2Ro + b() X X
bp(x = = arcsm—— — drcsin—-——
p( )T/4 . ﬁT/4 2bQ ( RO : RO + %O.)

(5)

The plot of this function is given in Fig.2 (curve 1). During irradi-
ation of the sample from one side only concentration of alloymg ions
is'greatly and non:linearly charged over the sample depth. However,
after.irradiation of the:plane sample from its other side, i.e. after turn’
of the sample.round its axis to an angle p=m, we'll obtain a profile.of
the sample alloying by ions described by curve 2 as a result of super-
position of curves 1 and 1. If the sample of ¢ = Ry-2bg thxckness is
irradiated, then scattering of ion concentration from an average value
does not exceed 15%. <

Thus constant rotation of a plane sample in a flux of the prOJec- ,
tiles prov1des conditions to obtam a umform volume concentratlon of
implanted ions in it. : o

The use of free air as a filter with va,rymg absorbent abxhty due
to the movement of the irradiated sample along ion beam brought to
the atmosphere is at the basis of the second method of uniform ion
alloying? V ‘ ~

Fig.3 schematically shows the process of alloymg a plane sample
irradiated in the atmosphere by ion beam with intensity no. When the’
sample is moved with uniform rate V along ion beam in the direction,:
pointed by an arrow, the path of their range in .air. R is increased,.
decreasmg by this the energy of ions incident on the sample. This
causes decrease of depth of penetration of ions into the sample z, i.e.
to movement of straggling zone in opposite direction with rate V.

Depth of penetration of ions z into the sample depends upon energy-
of bombarding ions, which in its turn is determined by length of their
range in air K. In general form it can be written: = f(R), then
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F1g3 “'The 'change of straggling zone depth under sample

irradiation .‘,iri the a_.i;'r with its Teciprocating movement.

. ~ion rémge«_ 4in the air,.x = the depth of ‘ion penetration

air
into’a sample, 'b - the width of particles straggling zone.
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alloying region practically, (Fig.5). ~

- +dx dx dR -
V== e
%» is the rate of rvnvqyerh'ent.of" the sa‘.rriplelV.{' v o
~ Concentration of implanted ions at z depth is determined by the
expression ' - o o

P = Yo + (7)

Function z = f(R) can be-defined by a numerical method using
curves "range-energy” of ions in‘air and .a corresponding material’of
the sample. From Fig.4 it is seen that almost-in'a whole interval z,
excluding boundary regions only, dz/dR =const. :From here it fol-
lows that for uniform reciprocating movement of the irradiated sample
along ion beam, brought to the atmosphere, the profile of their con-
centration in the sample has a uniform nature at the whole depth of

The third method of obtaning a uniform volume concentration of
the implanted ions in a massive sample excluding the labour - intensive
process of the absorbent filters of varying thickness in the shape of a
wedge consists of irradiation of a sample through the absorbent filter
in the shape of a foil curve according to parabolic law moving along
it suface.

Let us consider a case of irradiation of a plane sa_.mfﬂé through a
foil of &, thickness bent according to a definite law y = f(z). The
following scales of size are characterestic for this case: o > 6 > bo.
In this case the filter thickness is determined by the expression:

r@=s1+e@? . ®)

The shape of the curve y = f(z) does not influence upon the
value of concentration of the implanted ions in the straggling zone but
it influences upon its spatial arrangement in the irradiated sample.
Coordinate Z; of the middle of the straggling zone is determined from

the ratio:
Zy(z) = Ro = 6\/1 + (y'(2))? )



To provide a uniform concentration of the implanted ions in the
sample volume at depths < Ry in the case of moving along the irradi-
ated sample surface of . bent foil it is necessary to specify a law of its
bending, providing a hnear dependence of change of foil thickness &
upon coordinate z,1.e. the condition Z*(z) = vz +6 must be fulﬁlled

From ratio (8) it follows:

S+ ) =yx+6 (10)

where v = (Ry—6)/zm, T is a coordinate for which the thickness
of the bent filter must be equal-to Ry: : :
“Equation. (10)is integrated analytically..
- An accurate solvation has a form: -

- Sl nE 11\/[(— R C e S
S et 1 Ro , o ‘. Vot N
| v“fr‘\/[(7—- DIai-y L
" 'Note that the second ‘addend Vc!dnta'ining' leg‘ar‘ithmic depen:de?nc’e
makes a significant contribution for small z only. For Rof6 > :tm/:c
equalnon (11) is SImphﬁed and has the form :

8§ (R, N\'z?
;y=-2—7(—6——‘1)~;,—;' -(12)

- The following condition must be fulfilled for the fact that the filter
thxckness is'to be equal to Ro ina deﬁn1te po1nt xm

. (12q)
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Fig.6. The Changé on theﬁw'idtvhm'of - partvi'cles sfragvgﬂlinvg!
zone w1th ‘energy of 50 MeV and prof11e of the "depth in‘
mol1bdenum . samples ‘under. its irradiation. through. absorb1ng
foil curved according to parabollc law T e K
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Fig.7. " Profile ' of . helium’ concentration by depth of"
molibdenum sample under a-particle irradiation with energy
E=50 MeV through absorbing foil curved according parabolic

law moving along the irradiated surface. ‘




(13)

a =

§ R,+6 (& 1)?
2R,z VR, —36 \ 6

f
N

Thus, a parabolic bending of the foil satisfies necessary of obtaining
a linear dependence of: change of thickness of the absorbent filter upon
coordinate z. oo ;

Fig.6 shows change W1dth of alloying zone 1rrad1at10n of molyb-
denum sample by alpha-partlcles with 50 MeV energy through the
absorbent foil bent according to: the parabolic low. It is seen that ex-
cluding small z and corresponding- from the depths of alloying in the
region (Ro-6) alloying zone represents. practically straight band with
constant width. This is similar to irradiation of the sample through
the absorbent filter of wedge shape. Naturally, during movement of
this filter along the irradiated surface of the sample the conditions of
obtalnlng a uniform volume concentration of the implanted ions are
provided in its volume at (Ry- 6) depth (Fig. 7).

As it follows from the above-mentioned, all the methods are simple
in practical realization.: For this the first meéthod is the most effective
for obtaining a great number of the samples, for example, for mechan-
ical tests, the second one ~ for irradiation in different. gaseous media,
and the third one - for obtaining high concentrations of the implanted
ions under controlled (regulated) thermal and deformation conditions.
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Meroan! co:;):(amm paBHomepnou 06’beMHOM ' }
Konuempauuu umnnamupoaamrbxx MOHOB | s

B nacrosimeit pabote onucanst Tpu npocn.rx B npaxmqecxou peanmauuu cnoco6a 06nyllemm
blcoxoauepremqecxumu uaACTHUAMH, 06ecnequsa}oume yCNOBUS CO3RAHMUS paBHOMepHOM ofbem-
HOI KOHLEHTPALIMM MMILIAHTMPOBAHHbIX MOHOB B MACCHBHDIX ofipasuax. B ocHoBy nepeoro cnoco6a,

'ucxmoqarourem ucnob3osanne IBM anst peryuposanms CKOPOCTH HAKJIOHA 061y uaeMoro o6pa3- )

ua, MOJOKEHA PeanM3ais ABYXCTOPOHHENO 06Ty ueHus TI0CKOTO o6pa3ua TIpH €10 BPALIEHNH B -
fiotoke GomGapanpyiomux uactuu: B 0cHOBY BTOPOTO Cri0coGa MONOXKEHO MCIIO/L30BANME ATMOC- -
depHoro Bo3nyxa B kauectse GULTPA € MIMEHsIOLIENCS nomouraroureu croco6HOCTHIO 32 - CyeT

ABxXeHns 06s1yuaeMoro 06pa3ia BROML MyyKa HOHOB, BBIBEJEHHOIO B aTMOchepy. Tpenm €nocob,

'MCKJIIOUZIOMKiL . TPYAOEMKMIA NPOLECC NPUTOTOBNIEHUS! NOTJIOWAIOUMX  (PHABTPOB nepe\aermou
- | - Toymumust B rm;(e KJIMHA, COCTOMT B 06,1y HE€HMM MACCHBHOIO ofpasua uepes ABMXKYIIMIACS BIOML €10
' [HOBEPXHOCTH TOrNOWAoUMit GUALTD B auzae (bo.nbm, M30THYTO# 1O napa6onuqecxomy 3aKOHY.
‘Mepsblit* cnoco6 nau6onee a(b(bexmseu anst. o6.nyqemm 60IbILIONO * KOIMYECTEE o6pasuon. :
,Hanpm«ep, ‘anst Mexauuqecxux  UICTILITAHUIA, Bropou — ans obayueHus B PAsANUHbIX ra3osbix .|
,-'| cpenax,’a Tpetnit — anst nocrmxemm BBLICOKMX KOHUEHTPALMI MMnJIaHTMpOBaHHbe 1OHOB npu !
xonrponupyemmx repmuqecxuxu;(e(bopmauuouubrx ycnosmx TR N
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Methods for Obtammg a Umform Volume Concentrauon of Implamed Ions 23 e S

present paper: Realization of the condition of two- s1ded irradiation of a plane sample du
on in the flux of the pro_|ec111es is the basis of the first method. The use of frée air asa filter
g absorbent abrlxty due to movement of the 1rradrated sample a]ong 1on beam brought




