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On Angular Distribution of Ions of Alkali Ele.,aents. Diffused
by the Surface of Metal

by
Yu. A. Arifov Academician of Acad. of So. Uzbek-

SSR, A. ?h. Ayukhanov and A. A. Aliyev

TW explain the mechanism of reaction of particles with surfaces of solid bo-

dies of greater importance is the study of the angular distritution of secondary par-

tiCle3. Qaite thoroughly was investigated the annular distribution of elastically

and inelastically diffused electrons in reLition to the enera of the falling elec-

trons and the nature of scattering targetsll,2 . A number a reports has been jubligec

on the distribution of intensity and energy of diffused gaseous ions[3, 4, 5]

and neutral atoms[6] on atcms and molecules. But angular distribution of secondary

diffused ions, originating during the bcmbardment of metsl surfaces with ions

of alkali elements, has not been sufficiently investigated so far.

For the first tlime angular cistribution of ions diffused from Pt-tVrgets during

bombardment with positive ions Li+ and eC in the range of energies from 20-250 ev

was investigated by G.Reddr, who points toward the presence of a definite direction

of maxinun diffusion, coinciding with the direction of a mirror reflection from a flat

surface. In the report is also mentioned an increase in ener V of diffused ions with

the rise in energy of primary ions*

R.CerneyL3 investigated the distribution of energy and i itensity of scattered

LI. K and Cs ions along the angles with red hot Ft-target.

The author states, that the enera of ions scattered at a certain avgle rises with
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an increase in angle of incidence from 20% of the energy of primary ions at norml

incidence to 80% of energy of primary ions when approaching tangential incidence.

At a fixed angle of incidence the intensity is low in direction of the normal to

the target, but rises unavoidably with an increase in r-iflection angle,

The intensity of scattered ions depends upon the energy of incident ions at gyiven

angles of incidence and reflection. The da;endence curve in this case has a inaxiimu

(K0 = 40 ev for Li%, e(, Cs* ions ).

A.Langacre[M1, who investigated angular distribution of energies and intensities

of ions scattered during the bc bardment of Ai with Li* ions, states, that the results

of studying the nature of ener.+y and intensity changes of scattered ions in dependence

upon the angles of incidence and 6cattering within limits of experimental accuraCI

coincide with the data of the ReCerney V, reporb. A.Iangacre discovered preferen-

tial scattering of ions in a wide cone, wJhei-eby the direction of tue intensity maxinm

of scattered ions does not depend upon their angle of incidence. But he considers the

relationship between the direction of maxiL-3m scattering and the direc tion of mirror

ref lection as casual.

R.Sawyer [101 investigated the scatteriig of Li~ioas from the surface of ii and Ni

crystallites, deposited on tungsten pla.es. The author noticed two directions of maxi.MUl

reflection. One[7,8ji coincides with the direction of mirror reflection and does

not depend upon the energy of the primary beam, the second one- detected between di-

rections of the incident beam of ions and the normal to the surfaceIl.Sawyer, explaiing

the observe4 phenuraeon, assumed the presence of a :..irrur reflection from thu surface

of Ni crystals*

Selliger Raand 6oauermeyer K; Ci]: investigated the angular distribution of intenmity

of secondary diffu3ed ins along the angles when a It-.arget was bombarded with

K-ions. T-e authors revealed that the distribution of inteusity of socondart scattered

ions in the energy interval of up to 1000 ev is subject to the cosine law.
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;.A.Yerexeyev and i.V.?•A~bchaainiovf121 also investigated anaular distribution of

intensity of secondary particles in relation toC an 4 when bcxabarding a hot and cold

Th-target with Kr ions in the zone of energies of 2-4 key. The authorz are lacing

sizecial emphasis on the fact that near the direction of mirror reflection there is

a tendency of maxiiam intensity of secondary scattered ions. They point out, that

,Ji. a reduction ine the intenaity iaxinaim of scattered ions is washeu o'.t entering

th*., side of greater 4-.

According to 14,A.Yerumeyev and M.V.7Zibchaninov at a sliding anzle 'ýf incidence

the reaction of ions•falling on the surface of the target, is not with individual

ato.s of the crystal lattice, but with certain surface Glements. At the end they arrive

at a conclusion,that the distribution of internity of scattered ions by the angles is

not subject to the ccsine law.

Yu.A.Arifov and A.Kh-.Ayukhanov investigated[l3 the distribution of energies, maA-

m., ener67 values and intensities of aecclidary ions in dei endence upon and &

when bombarding a pure heated Th-target wita Na and Rb ions. Special attention was de-

voted to the purity of.experimental conditionse

It was established, that maxi-im ener&7 of rcattered ions appears to be a syno-

nyinous function of the angle between the direction of the primary beam and the direc-

tion of flowing out (departure) of the scattered ion. These maxia.nm cner.-ies coincide

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

ion with surface atoms of the target, determirinble by e.ression

E = O (MI - m#e
2 [ Cos A+ (I)%I

where ml and m2 are the respective masses of target atms and of the bmnbarding pri.-

Vpry ions.O= C) +÷-..

The number of secondary ions,departing in direction of the normal toward the sur.

fuce of the taraet, does practically not de,ýend up n the angle of incidence of pri-

mary ions. The number of secondary ionssBctterin- under various anglca of departure$
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deviate3 frccr the co:,ine law, cn'1 in first al;roximation can be described by a linear

dependence.

In this way, if one g-rup of authors!,7, 3" zintains the presence of a mirror

reflection of the ions from thi :•urface, others[, 0, 11, 1ýj negate same, Certain re-

saarchersL9 , 10i hý.ving detected. a preferential tendency of scattering, do not cambid

saue with Ldrror reflecticn. In one of the recent reportsifl points ot that angular

distribution of intensity of secondary ions is msbject to the cosine law., Vwile in

other reyorts L2, 131 sucb a law (validity) is nejated.

It should be mentioned, that in a majority of imstaaces the distribution of enerjy

and intensity of secondary ions by angles wa; measured in insufficiently pure

(cLan) vacuum and surface ccnditions using inertia instruments at low• target temper-

atures. ',%hen investigations were made on hirfh teziprature targets no consideration

was given to the phehomena of surface ioni2ation and diffusion4ccoinpanyine secondary

emission, of ions penetrating into the target for V 14 , where Vi - potuntial of ion

ionization; 5p - function of target departure. The used ion beams in a majority of

cases had in their coi.position neutral purticlcz. Mhat is w1h the e:.perimental con

ions of various researchers wore of various ruture, and their rezults could not

supplement each other and were found to be contradicting.

I~t is evident, that to obtain uan actual picture of angular d[.:tribution of in

tensities and energies of secondary ions upon t.ic bombardment of raetal Lurfaces with

ions, these experiments must be carried out in much cleaner conditions from atcmary

clean surfaces and with the aid of methods, eliminating surface co.t-.i..Liat.cn in the

process of measuring.

Arrangement of Experimenatal Installation and Measurc..unt :-athod

The experiments were conducted in a glass vacu'm instrument. TI. 3rrangement and

disposItion of electrodes in it is shown in figel. In it is also '-ixr ln electric

(principal) circuit diagram of measuring by the oscillographic ethol o" dual modula.

t ion.
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Fi'.ljPrincipal electric circuit diagram of a' e:xýeriLentel installation

The bean of Dositive icnsformed by curfact. ioni:Lation on zriral 1, was extracbt~i

by the electric field, a1plied between spAral and body of source 2. Tho ion beam,

iaving passed through slot 3 on the body of the source, is serarate] in the cylindrical

ccndenser 4 fr*c- the neutral atoms and molecules and is zodulated according to inte3nnitV

ty rectangular pulses generator 5 with a frequency of 500 - 1030 e (first nodula-

tion). The ion beam passes then a system of lenses, where it is additionully accelerated

and fixed. The beam of primary ions formd in truis way and n.odulated in forr, of

rectaneular pulses is directed to target 6, repre0enting a strip of polycryatalline

Ia or .:o with a dimension of i,ýXO.2 Z 30 z, Th"- target is surrounded by a collector

7, h-vin, cylindrical form, which in turn to be protected against parasitic currents

was situated in a protective cylinder 8.

between the target and collector at a d1zt.-nce of,•l La from the internal wall of the

ccllector is :laced a movable probe 9 haiine a di,=ension of 2 X 8 rm?. It allows to L,,asu-

r, thc intensity of secondary icns 7jlnr fron the target under different anles

of 4-*,arture at fixeJ angle of incidence, 3m'a it the aid of a slide it can rake a

I•0o turn in any one direction from the collecter -lot, intended for entry of a beam

of jri;rary ions*

! otw.cen target and ccllcteor was a;pLied an AC voltage , generated by a Cencrator

of rawtooth pulses with a frequency of..- 25 a (second mzodulation). Collector and nov-
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able probe were cullected at tihe input of vertical am, lifiers obcillographs 11 and

12, the horizontal sweeps of which were 3ynchro:.ized by the gernrutor of sawtooth

pulses. It is aiparent, the t each short lived pjulse of the primary ion current,depend.

ing upon t;,e fact, at which v.,lue and vultage sign between the target and collector

it reaches the target, it produces a secondary current pulse of various magnitude

and direction (ion or electron). These directions are noticed by vertical deviations

of oscilloCaph rays, oscillograkha cLrnected to the circuit of the collector and

movable probe. Since the frequency of primary ion current pulses is ordinarily selecteJ

at many times ereater than the frequency of sawtooth pulses, than during the time

of changing the voltage betwecn target and collector, or during the ti•r of one sweep

we will have a .:ultitude of such -ulses in the screens of oscillographs. The envelope

of p &ks of thece pulses represents the dependence of secondary currents upon the

voltage between target and collector. The horizcntal straight lines corresponding to

positions of oscillographs beams at moments when there is no primary icn current

pulse in the target, denote the zero line, separating the values of secondary ions

from secondary elcctron currents. In conseque:ice on the oscillograph screens will

be automatically reproduced a stationary vult-app characteristic of se,'ondary currents,

Secondary currents on the collector and notable probe we measured by oscillo--

grams of vult-a'?ere charscteristics on sections, corresponding to the accelerating

voltage of 2-3 v. The application of such a vrltage does not distort the picture of

angular distribution of secondary currents, because secondary ions possess consider-

able initial energies. Tie absence of distortions wans checked repeatedly by measuvng

the current of scattered ions on various sections of volt-ampere charactaristleg

inclusing also these sections5 where there was no voltage between target and col-

lector.

The intensity of secondary ions) abandoning the target at various angles,

for various g.-gles of incidence of primary ion baam was measured at various kýrgat

orientations relative to the direction of the primary ion beam.
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With the aid of the movable p~robe it wus possible to very accurately control the

possible (especially at -reater angle of incidence of primary beam on the target)

fly around the target by a beam of primary ions. When the novable probe is shifted

behind the target in ca:oe of flying around the target are observed pulses of primary

ions, well distinguishable from pulses of secondary currents by the nature of energy

distribution. By good adjustment it was possible not to permit the fly around at angles

of incidence of 750 and to the3C values of angles to investigate the dependence of

secondary ion er.±ssion upon the angie of incidence of primary ionse

Vacuum in the instrumenlt was produced by a vapor-oil pump and kept at about (2-3)

10-6 tores (in working condition). The v5-ors of oil and lubricants were captured by

traps with liquid nitrogen. Prior to Leasuring the target for subjected for a longer

period of time to degasification (24000K).

Peasurements were made at 13500K after brief heutiig the target to 2400*K.

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

by the angles of departure, obtained with the aid of an arrangement of mentioned dl-

m..nsions and geometry, is not too high. Recalculations show, that maximum ind'termin-.

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

AnCular distribution of intensity of secondary ions, obtained froa oscillograms

of volt-ampere characteristics during the bombardment of pure, heated to l500*K Ta-

target with Na-ions with an energy of 300 ev. its shown in fig.2 Here along the axis

of the abscissa are plotted angles of deperture of secondary ions, and along the

axis of the ordinates - current ratios on the movable probe 13 to the primary ion

current 1 (in any arbitrary scale). The angle of incidence of primary ions =4

i.e* the beam of primary ionsis directed perpendicularly to the surface of the tar-

get. '.hen boe-barding a red hot (to 1500'K) Ta-target with Ia-ions, as is known

evaporized and diffusion ions should be very little (not more then IU).
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Corwequently seco.dery ions in the given case ap;ezrS to be basically scattered and

the obtained curve characterizes distribution of Intensity by angles unly for scat-

tered ions. Zt is evident from the drawing that the distribution cur%& of scattered ions

coincides practically with the functions graphs cos 4& 9 i.e. the ,cattering takes

place in accordance with the cosine laws

In fig.3.are given the angular dependences

- - -iuo~oof i..teisit-y of scattered ions when bombr

"I ding pure, hcated Sh-target with Ila-ions

2 -~ with enercries of 300, LOO, 8300, 1000, 1500

; 2and 1700 ev. As is evident from the drawing

D X 4 0 witi. an in-crease in energy of tr.e bcw~bard

ing ions the relative number of •cattered

Fig.2,Distribution of intensity of se
condary ions over departure angles when ions in all directions decreasez almost pro-
bo:..barding pure, heated to 150001C t•ata
luma target with Na ion.i with aa energy portionally.
of 3')0 ev. The dotted curve corresponds
to the theoretical law of cos & . Angular distribution of intensity of second-

ary Na ions at energiep of 3N0, 600, 830, 1000, 1300 and 1700 ev,reJuced to intensi+y

values at an energy of 300 ev, are shown in figo4. From the arrangement of points

and comparing same swith curve on I-raph cos & is clear, thit the form of the angular

distribution of intensity of scattered ions in the mentioned range of energies does

ussentially not depend upon the enerzy of the bcn,.barding ions*

Especially investigated was tLe aagular distribution of intensity of scattered

ions at various target tempera ures. Plotted were distribution curves by angles dur-

ing the bombardment of a Ta-target with Ili-ions, target heated to (1500 0 K) and cold

one after brief conflagation (outburst) (250 0 K). The obtained curves for intensit

distribution by agles in the investigated range of temperatures (300-15000K)

were not substantially different frcr4 eac'h other. Consequently, for a sufficiently pure

surface the distribution of intensity of secondary ions by an•tes does not depend

on the temperature of the targets

?rD-TT-62-17l1/l+2 8
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Fi&.3oAnc~u.lar dependences of intensity Fig.4.'isu lar di:zribution of intcinsity of
of secondary scattered ions when bar-- secondary ions at ener;Ies of primary ions
barding a pure, heated tc 1500Ok Ta- of 300,600, 800, 1000, 1500, 1700 ev lc-ading
target with Na-ions with energies: to intensity values at energies of 300 ev.
1-300; 2-630; 3-800; 4-1000; 3-1500 The curve corresi.onds to tncoretical law cos 4
and 6-1700 ev.

Asngular distribution of intensity of soconJ-

I-:: •I sary scattered ions were also measured at

,-Qaoý•co o Jr various target orieatations relative to the

1 302 - ° direction of the primary ions falling on{ the tairget,\ / In fig.5 are shown listrii-utions of seceid-

*- / . ',ary ions by aneles, when bombarding a heated

90 400 2040 0 2 060 s0 09 ?
to 1500'K T,±-target with Nla-ions with an

Fig.5.Distribution oZ Lacondary ions by
departure angles when bombarding heated energy of 900 ev at incidence angles of pri-
to 1530 01 tantalum target with N'a-ions
with energy of 900 ev at angles of in- m-iry ionsLY = 0.43, 600. Distribution of

cidence of prL-nary ions ti=0.39; 45,
6o0. secondary scattered ions by angles for angles

of incidence t'=ý)i 16 and 600 coincides with sufficient accuracy witi. !An analogous dis-

tribution for noraal incidence of primary Na÷ ions on vhe target. The distribution,

coinciding with gr•ph cosO, as well as in case where4= 0, when bornbardiag a t:.rget

utder angle of incidence C 4 = 5 and 63* wa. obtained independent from the energy of

FTD-TT-62-1719/1+2 9



the bombarding Na4 ions and temperature of the Ta-target. Consequently, from the poly

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

has not been detected.

As already pointed out beforoý the

aranemn of the experimental installa-
tion allowed with greater reliability to

measure the values of secondary emis-

sion coefficients when bombarding a tar- Fig.6.Dependence of the coefficient of
secondary ion emission from Ta in relation to

get with ions under various angles of angles of incidence of primary Na ions
with energies of 550 ev.

incidence. In fig.6 are given results

of measuring the values of the coefficient of secondary ion emission from Ta in rela-

tion to the angle of incidence of primary Na÷ ions with energy of 550 ev. Along .he

axis of the ordinates are plotted the values of secondary ion emission 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.6,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 a 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 maxizun. 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 ions, which experienced

.scattering basically from the surface atoms of the target. This is quite 'aell evident

from distribution of ions by energies, scattered at greater angles. As is knowMLr3)

with an increase in the angle of departure the relative number of rapid ions increases.

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

ficient Kp upon the angle of incidence of primary ions. As was shown before

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 m2 is lower than the mass of

target atoms min, the distribution of scattered ions by angles coincides

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 m24mI 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

distribution of intensity of scattered ions by angles coincidtes with cos

graph.

4. With the increase in angle of incidence of primary ions the coefficient

of secondary scattered ions K increases.
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