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On aAngular Distribution of Yons of Alkali Eleaents, Diffused
by the Surface of Metal

by
Yu, A, irifov Academician of Acad. of Se, Uzbek-
SSR, A, Yh, Ayuxhanov and A. A, A} iyev .

Tc explain the mechenism of reaction of particles with surfaces of solid bo-
dies of greater importance is the study of the angular distritution of secondarj; par-
ticles, Quite thoroughly vas investigated the angular distriltution of elastically
and inelastically diffused electrons in relation to the energy of the falling elec-
trons and the nature of scattering targets{l.ﬁ o A number a reroris has been publiShec

on the distribution of intensity and energy of diffused ¢aseous ions['3, L, 51
and neutral atoms [6] on atems and molecules. But angular distribution of secondary
diffused ions, originmating durirg the bombardment of metal surfaces with ions
of alkali elements, has not been sufficiently investigated so far.

For the first tims angular aistribution of ions diffused from Ftetzrgets during
bombardment with positive ions I1' and K* in the range of energles from 20-250 ev
was investigated by G.Reddm. who points toward the presence of a definite direction
of maximum diffusion, coinciding with ths direction of a mirror reflection from a flat
surface, In the report is also mentioned an increase in ener y of diffused ions with
the rise in energy of primary ions, )

. ReCerney[87 investigated the distribution of energy and iitensity of scattered
ILi, K and Cs ions along the angles with x;ed hot Ftetarget,

The autaor statea, that the energy of ions scattered at a certain awngle rises with
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an increase in angle of incidence frum 20% of the energy of primary ioas at normal
incidence to 80% of energy of primary ions when apyroaching tangential incidence,

At a fixed angle of incidence the intensity i3 low in direction of the normal to
the target, but rises unavoidably with a: increase in ruflection angle,

The intensity of scattered ions cdepends upon the energy of incident ions at ziven

DY

angles of incidence and reflection. The d:z;endence curve in this e¢zge has a paximum
(E; = 40 ev for Li*, K¥, Cs* ions ).
A.langacre [9_1. v—cho .i.nvesltigated angular distribution of energies andi intensities
of ions scattered during the bc bardment of ¥4 with I4% ions, states, that the results
of studying the nature of ener.y and intensity changes of ccattered ioas in depenienCe
upon the angles of incidence and scattering within limits of experimental accuramt
coincide with the data of the R.Cerney[j‘j re;sorte Aeslangacre diccovered prefe.ren-
tial scattering of ions in a wide cone, vheieby the direction of tue intensity maxirum
of scattered ions dves not depend upon their zngle of incidencee But he considers the
relationship between the direction of maxi-um scattering and the direc tion of mirror
reflection as casual,
ReSauyer [10] investigated the scatiering of Li’ions from the surface of it and Ni i
crystallites, d9posited on tuangsten pla.es. The author ncticed two directions of maximun
reflection, One[?.a)‘ coincides with the direction of uirror reflaction and does
not depend upon tae energy of the primary beam, the second one- detected between die
rections of the incident beam of ions and the normal to the surfnce.}R.Sawyer. exzlaining
the observed shenonenon, assumed the presence of a :.irror reflaction lrom the surface
of Ni crystals,
Selliger Raand Scmiermeyer K; [11-\ investigated the angular distribution of intensity
of 3econdary diffused icns 2along the sngles when a Ite-iarget was bembarded with
K-jons, Thc authors revcaled that the distribution of intensity of sccondart scatte red

ions in the energy interval of up to 1000 ev is subject to the cosine law,
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lieAe Yereusyey and I-Z.V.L?ubchaninov@] also investigated aazular disiribution f;f
intencity of secondary particles in relation to C,-‘ an & when baubarding i hot und cold
Ta-target with K* ions in the zone of eneryles of 2« kev, The authors are ;lacing
special emphasis on the fact that near the direction of mirror reflaction there is
a tendency of maxiiamm intensity of secondary scattered ions, They point out, that
with a reiuction in c}) the iantensity waximum of scattered ions is washeu vit entering
th: side of greater 4 .

According to Meh.Yeremeyev and lM,V,Zubchaninov at a sliding ancle .f incidence
the reacticn of ions.‘falling on the surface of the target, is not wita individual
atoms of the cryssal lattice, but with certain surface elementa, At the ¢nd they 31'-1"{ve
a: a conclusion,that the distribution of intensity o scattered ions by the angles 1s>M
not subject to the ccsine lav,

YueA.Arifov and A.Kh.Ayukhanov investigated[lil the ai{stribution of energies, maxy ~
mi. energy values and intensities of useccudary ions in dejendence uponci:t and &
when b§mbarding a pure heated Ta-target witn lNa and Rb ions, Special attention was de-.”
voted to the purity cf .experimental conditions,

It was established’ that maxizum energy of ccattered icns arpears to be a synoe
nyiious function of the angle between the direction of the primary beam and the direce
tion of flowing out (departure) of the scattered icn, These maximum cner-fes coincide

with the values, calculated in the assumptioa of an elastic collision of tho primary

ion with surface atoms of the target, determinsble by ex;ression

mg[cos3+ l/mT' (')

where my and m; are the respective masses of targot atoms and of ‘the bombarding pri.’

mery ions, @-’- c& + 0o,

The number of secondary ions,departing in dircetion of the normal touard the sur.

E=E,

fuce of the iarzet, does practically nct de;end up n the angle of incidence of pri=-

mary lons, The number of secoudary ions,scattering under various angles o2 departure,
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deviates frcz the cosine law, 211 in firct approximation can be described by a lincar
dependence,

In this way, if one group of duthors'}‘z. d: maintains the presence of a mirror
reflection of the fons from th: surface, oth;ral-‘lo. 11, 13] nepgate sams, Certain ree-

‘ saarchers@, 10-\'& having detected, a preferential tendency of scattering, do not combine
same with uirror reflecticn, In one of the recent reports:lf_: points cut that sngular
distribution of intensity of sccondary ions is subject to the cosine law, waile in
cther rejorts [}2, 13] such a law (validity) is negmted,

It should be mentioned, that in a majority of instances the distrituticn of enerj)'

and intensity of secondary ions by ungles was neasured in insufficiently pure
(clcan) vacuum and surrace ccaditions using inertia instruments at lov target tcmper-
atures, “hen investigations were made on hi~h teuperature targets no consideration
waé given to the phehomena of Jurfsce ionizetion and difﬁ;sion,‘accanmnying secondary
errission, of ions penetrating iato the target for Viécg. where Vy - potential of ion
ionization; y - function of target departure., The used ion beams in a rajority of
cases had in their composition neutral purticlez, That is why the e:rerimental con =

[ﬁ/ons of various researchers were of various nature, and their recults ¢ould not
sup;lement each other and were found to be contradicting,

It is ovident, that to obtain un actuzl pleture of angular di.:tribution of in
tensities and energies of secondary ions upon t:ic bomburdment of metal surfaces with
ions, these experiments must be carried out in mmch clcaner conditicns from atcmary
clean surfaces and with the aid of methods, eliminating surface conta..inaticn in the
process of measuring,

Arrangement of Experimental Installation and Measurorcent lethod
The experiments were conducted in a glass vaeuum instrument, T arrangement and
disposition of electrodes in it is shown in fig.le In it i3 also (iv.n an electrie

(prinedpal) circuit diagram of measuring by the oscillographic methoi of dual modula.
tions [f] 2
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Fir,14Priaciral eleciric circuit diagram of aa erzerinentel installation

The bean cf jositive icns,formed by curface ionization on spiral 1, was extracted

5y the electric field, 2iplied between spiral and body of source 2, The ion beam,
raving pasced through slot 3 on the body of tke source, is serarate! in the cylindrical
ccndenser 4 frcx the neutral atoms and molecules 2nd is modulated according to intensit,

. t; rectangular pulses generatar 5 wiith a frequency of 500 = 2090 ¢ (first zodula=-
tion), The ion bcam passes then & system of lenses, vwhere it is additiomlly accelerated '
azd fixed, The beam cf primary ifoas formed in tuis way and modulated in form of
rectangular pulses is directed to target €, reprecenting a strip of pclycryustalline
Ta or 0 with 2 dizension of (30,02 X 350 =3, Th~ turget is surrcunded by z collector
7, h:viac cylinirical form, which in turn to be grotected against parasitic currents
Was 5ituated in a protéctive cylinder 8,

UJetween the target and collector at a dictunce of Al rm from the internal wall of the
ccllsctor is -laced a moveble probs 9 havings 2 dimension of 2 X 8 mz. It allows to uieacue
re the intensity of secondary icrs ;oias; fron the target under different sngles ‘
of Aszrarture at fixel engle of incidence, ani - ith: *he aid of a slide it can rake a
130° turn in any one directiom from the ecilecicr rlot, intendec for entry of a bean
cf 1ri-ary ions,

Jetwien target and ecllactor was a;;lied an .AC vcliage , generated by a ceneratof
of rawtooth pulses with a frequency of ~. 25 ¢ (sccond rodulation). Collecctor and mov-
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able probe were cullected at the input of vertical arm, lifiers oscillographs 11 and
12, the horizontal sweeps of which were synchro..ized by the gancrutor of sawtooth
pulses, It is apparent, th=t cach short lived rulse of the primary ion current.dqpend-
ing upon t:.e fact, at which v.lue and voltace sign between the target cnd collector
it reaches the target, it produces a secondary current pulse of various megnitude
and direction (ion or electron), These directions are noticed hy vertical deviztions
of cscillopraph rays, oscillographs cunnected to the circuit of the collector and
movable probe. Since the frequency of primary ion current pulses is ordinarily selected
at wmany times greater thun the frequency of cawtocth ;ulues, than during the time
of changing the voltage between target and collector, or during the tirs of cne sweep
we will have a .ultitude of such [ulses in the screens of oscillographs, ’Ihg envelore
of p-eks of thece pulses rerresents the dependence of secondary currents uzon the
vocltage between target and ccliector, The horizcntal straight lines, corresconding to
positions of oscillographs beams at moments when there is no primary icn current
pulse ¥n the target, dencte the zero line, separating the valuaes of seccndary ioas
frouw secondary elcctror} currents, In econseque:ice on the oscillograph screens will
be automatically reproduced a stationary vult-awp characteristic of secondary currents,
Secondary currents on the collcetor and movable rrobe we measured by cscillo~—~
grams of volieumpere characteristies on sections, corresponding to the accelerating’
voltage of 2-3 v, Tac arplication of such a voltage does not distort the picture of
anpular dictribution of secondary currents, becauce secoadary ions posses3 consider-
able initial energiese Tne absence of distortions was checked repeatsdly by measuring
the current of scattered ions on various sections of volteampere characteristiec,
inclusiag alsc these sections, wnere there was no voltage between target and colw
lector.
The intensity of secondary :I.on.s, - abandoning the tcrget &t various angles,
for various angzles of incidence of primary ion beam vas mecasured at various t:rget

orientations relative tc the direction of the primary ion beam,
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With the aid of the movable probe it wus possible to very accurately ccntrol the
rossible (especlally at -reater angle of incidence of primary bcom on the terget)
fly around the targaet by a beam of primary ions, Jhen the movable frobe is shifted
behind the target in cacze of flying arcund the target are observed plses of primary
fons, well distinguishable from fulses of seccndary currents by the nature of energy
. ‘distribution. By goud ad justment it was possible not to permit the fly around at angles
of incidence of 75° and to these values of angles to investigate the dependence of
secondary ion erdssion uron the angie of incidence of primary ions,

Vacuum in the instrument was produced by a vapore-oil pump and kept at about (2-3)
10"'6 tores (in working condition), The varors of oil and lubricants were captured by
traps with liquid nitrogen. Prior to reasuring the target for subjected for a longer
period of time to degasification (2400°),

lieasurements were made at 1350°K after brizf heatiug the target to 2400°K,

It is necessary to mention, that the accuracy of distribution of seccndary ions

by the angles of departure, obtained with the aid of an arrangement of mentioned di-
m.nsions and gecmetry, is mot too high. Recalculations show, that maximm indctermine
ability of departure angles in directions, reverse or coinciding with the direction of
incidence of a beam of primary ions, goes up to 5% |

i.easurement Results

Angular distribution of intensity of vecondary ions, obtained frowe oscillograms
of volt-ampere characteristics during the bombarduent of pure, heated to 1500°K Ta-
tzrget with Na-ions with an energy of 300 ev, is shown in fig.z, Here along the axis
of the abscissa are plotted angles of deperture of secondary ions, and alang the
axis of the ordinates = current ratios on the movable probe 13 to the primary ion
current Iy (in any arbitrary scale), The angle of incidence of primary ions (¥ =&,
i.e¢ the beam of primery ionsis directed perpendicularly to the surface of the ‘tar-
get. when boubarding e red hot (to 1500°K) Ta-target with Na-ions, as is known @.1-5)
evaporized and diffusion ions E:hould be very little (not more than 1%).
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Consequently seco.dary ions in the given cage apgears 1o be basically scattered and

the obtained curve characterizes disiribution of inteasity by angles ounly for scate

tered ions., it is evident from the drawing that the distribution curve of scatiered ions
coincides practiecally witl the functions graphs cos 8 , 1.6, thne vcattering takes

place in accordance with the cosine law,

In fige3eare given the anpular dependences

3"0’ L Ilﬂ:u.l;”h;" of iutensiiy of scattered ions when bombar
_" \\\ ~ ding pure, hcated Ta-target with lla-ions
? 1 with ener~ies of 300, (00, 800, 1000, 1500
/ j“ and 1700 ev, As i5 evident from the drawing
,L % 4 witl an increase in energy of tne bcmbard

ing ions the reclative number of :cattered

Fice2eDistribution of intensity of se
condary ions over departure angles when dions in all directions decreases almost pro-
bo..barding pure, hcated to 1500°K tanta
lun target with Ha ions with an energy  portionally,
of 370 ev, The dotted curve corresponds
to the theoretical law of cos © ., anpular distribution of iuntensity of secon&-
ary Na ions at energies of 32C, 600, 800, 1000, 1500 and 1700 ev,reduced to intensﬂy

values at an energy of 300 ev, are shown in figelis From the arrangement of points
and comparinz same with curve on ;raph cos € is clear, th:t the form of the anpular
distribution of intensity of scattered ions in the ncntioned range of enerpies does
essentially not depend upon the energy of the bc:barding ions,

Especially investigated was tle angular distribution of intensity of scattered
ions at various target tempera ures, Flotted were distribution curves by angles dur~
ing the bombardnent of a Ta-target with Na-ions, target hcated to (1500°K) and cold
one after brief conflagration (ocuthurst) (23500°K), The outained curves for 1ntensi{,

distribution by augles in the iavestigated range of temperatures (300=1520°K)
were not Ssubstantially differont fres each other, Consequently, for a sufficiently pure
surface the distiribution of intensity of secondary ions by anglea does not depend

on the tamperature of the target,
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Fizel e gular Gistribution of intensity of

secondazjy ions at ener;ies of primary ions

of 300,629, 800, 1000, 1500, 1790 ev l:zading

to intensity velues at caergies of 300 ev,

The curve corresionds to thecoretical law cos 4
angular distribution of intensity of second-
ary scattered ions were also measured at

various target orieatations relative to the
direction of the primary ions falling on

the target,

In fig.5 are shown Jistriiuticrs of second-
ary ions by angles, when bombardiang a heated
to 1500°K Tu-target with ila-ions with an

cnergy of 900 ev at incidence anzles of pri-

mry ions C.\Dz 9,45, 60° Distribution of

secondary scattered ions by angles for angles

of incidence ()= 45 and 60° coincides with sufficient accuracy witn un analogous dis-

trioutioan for norwal incidence of priary Na* ions on the target, The diztribution,

coinciding with gropgh cos®, as well as in case vhere c\) = 0, when borbardiag a t:rget

under angle of incideunce .;‘: = 445 and 60° vac obtained iudependent from the energy of
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the bombarding Na® jons and temperature of the Ta-targete Consequently, from the poly

crystalline surfaces used by us preferential scattering in mirror or other directioa

bas not been detected. ;

“e .

As already pcinted out beforey the " [ = 1, i
arrangement of the experimental installa- ?4:/5 N mmﬁé i
tion allowed with greater reliability to ?J!l—: : i l! {
' ] w“"“:f"' 1

measure the values of secondary emise

sion coefficients when bombarding a tar— Fige.b.Dopendence of the coefficient of
secondary ion emission frum Ta in relation to
get with ions under wvarious angles of angles of incidence of primary Na ions
with energics of 550 ev,
incidence. In fig.6 are given results
of measuring the values of the coefficient of secondary ion emission fram Ta in rela.
tion to the angle of incidence of primary Na+ ions with energy of 550 ev. Along ihe
axis of the ordinates are plotted the values of secondary i;:m enission coefficients
in percentages, and along the axis of the abscissa -~ angles of incidence of primary
ions on the target in degrees. As is evident from the curve fig.b,the coefficient of
secondary ion emission rise with the increase in angle of incidence.
Evaluation of Results

The obtained results do not contradict the ides about the deep nature of reac-
tion of the bombarding ions with individual atoms of the solid body. In the presence
of & certain penetration of primary ions into the surface layers of a solid body
the yield of scattered ions in direction of the normal to the surface of the target
will be maximm, With an increase in the angle of departure, as result of extending
the path of motion of scattered ions in the solid body, their yield will decrease,
Under greater angles of departure on the collector are falling ioms, which experienced
.scattering basically from ths sur.face atoms of the target. This is quite well evident
from distribution of ions by energles, vcattered at greater angles, As is knowm&jj
with an increese in the angle of departure the relative number of rapid ions increasea..

Such ideas about the scattering of bombarding ions from a solid body are contradicied
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even by the presence of a dependence of the value of the secondary emission coef-

ficient K, upon the angle of incidence of primary ions, As was shown before

p
with an increase in the angle of incidence of primary ions the coefficient
of the scattered ions increases, Consequently, when bombarding a target with
ions under greater angles of incidence there is a reduction in the depth of
penetration of primary ions into the solid body and the -yield of scattered
ions rises,

Conclusions

1, When the mass of the bombarding ions m, is lower than the mass of
target atoms ml, the distribution of scattered ions by angles goincides
closely with the cos graph,

2, Distribution of intensity of scattered ion by angles in the investigated
range of energies of primary ions under condition when mé<:m1 does not depend
upon the energy of the bombarding ions and temperature of the target,

3., At all angles of incidence of the primary beam on the target the N
distribution of jntensity of scattered ions by angles coincides with cos
graph,

4. With the increase in angle of incidence of primary ions the coefficient
of secondary scattered ions Kp increases,
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