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This problem is a rather old one: since the beginning of the cen-
tury. We are going to consider it again in connection with the re-
cently developed optical methods for nuclear moments determination
via hyperfine structure measuremeﬁ%s, based on dye laser spectrome-
ters 1,2 . We aim practical conclusions ahoup/atomic flux and den-
sity distributions over space (section 2) and velocity (section 3)
in order +to apply them in the Dubna laser spectroscopy group work
1348/ for determination and prediction of laser spectrometer parame-
ters, Methods to do i% will be described in another publication 5/
We are going to mention one of the last and still rather old refe-
rences on our present problem /6/, and direct the reader to its re-
ferences for older work, and a new publication 7 , Where this prob-
lem has been considered again with the same purpose as here, both
experimentally and theoretically (see end of section 2). Our approach
has succeeded moreover to offer: 1) simple analytical including in-
tegral formulae easy for applications (ection 4); 2) validity under
ninimel limiting assumptions, the basic of them formulated in sec-
tion 1, and thus also in extrene cases, like,e.g.,laser ray very near
to collimator (section 5); 3) simplicity in generalization beyond'
basic assumptions (section 6).

1. Basic.agsumptions
The essential geometrical situation is shown in fig. 1. The ato-

,1. Set up scheme: 1. atomic ovenj
am collimator; 3. laser rays

4, interaction region (shaded). Fluo-
rescence light is collected in a per-
pendicular to the drawing direction
by a lens system on a-photomultipliers
interaction region length 2% along
laser ray determined by the diameter
of photocathode ‘image via lens system
on laser ray.

mic beam oven is at the left-hand side, with a sample to be evapo-
rated inside, kept at an absolute temperature T fK]. Our first
assumption is that inside the oven the wvapour; ure P EPa] is
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the saturated ome obtained from empirical tables /&, This may not 9.= ¢+ dfR = td/h 9.: =¢g-d/a =(l-h)d/h e
be so if the sample and/or its surface are not pure. The possible t 3

hindrances like ideal solution laws and deviations from them due to ' (by snalogy, for any letter an index + will mean addition;and :;Ln-
diffusion inside the sample and/or to evaporation from the sample dex = ; subtraction of 4/2 5 e.gep d+ =3d/2 4, 4_ = d/2) end with

surface have been discussed in an experimental publication of our ,’ photocathode .image on the laser ray diameter 27_ » determines the
group /%, From P and T one can deduce the vapour concentration o notations:
in the oven n : ‘ 7,=0, 'c{—_—m/'n(d_,r)} T, = min(g,T),
(%)
n = P/kT (1) 3 ’%:mm(max(g,5d/2),‘€)J : 7, = .
assumed to be homogeneous in space T , and according to Maxwell's J‘ The following cross sections and volumes will be used too:
law with respect to velocity ¥ in the oven, with.the most probable ' S = 5’2 V = o ;53
value: ! ‘ ° 4 ° 4 ()
. 2 ,
I 5 =258, Vo= em 8T =12
v = VekT/M, - ) ' 4

R The geometrically seen collimator lenght nr from a point at &

where k 1is the Boltzmann constant; and M, the mass of the atom. ‘ distance r from the interaction region centre along the laser ray
Next comes the collimator, supposed to be kept at the same tempe - .

is:
rature in order to scatter the atoms hitting his walls. We assume on . D« r <
the second place that vapour pressure is low enough, so that for the A = h ) - <9
mean free path A  compared to the collimator length h , we have ' ro- ho_/r g £ r £ oo ?y
=/l"=

T A= n . On the third place we suppose that diffuse scattering of .
) atoms' from collimator walls according to the cosine law takes place,

The real collimator cross section is 6 , and the geometrically
Quantitatively, if we denote by M the ratio of scattering to ref-

seen cross section O‘r from a point at a distance r for a square

!
lection plus scattering coefficients, then M~ 1. Also n = hole is:
n(hr) is linearly deereasing along the collimator /6/. Selfconsis=- ! o s r < d
tency requires that it decreases from n fdr hr =h to O for ’ -
h, =0, and determines the collimator transmission. 6. = 6(1-r /?-) , d = r £ ¢ . (8)
The laser ray intersects the atomic beam in, and the fluorescence
i 0 Q = 1 = =
light produced is focused on the photocathode from the so-called , )

interaction region with a cross section S perpendicular to the
atomic beam axis and a volume V , as follows: i

L

Under the above mentioned assumptions the ratio of atoms, scat-
S =278 VoporXZ 52 (' i tered from collimator walls, to directly passed through collimator,
;7 - B 4 ?) on the laser ray at r »~ ¢/2 1is 2¢ , where:

to be compared with an infinite plane area S., at 1> h , d ori- “ X — ¥ ¢ #, = 1/2
- o
ented in the same way, and with an infinite volume V.. with base ! ’
T

S oo and thickness - 5. . % = 1/2 for a square collimator hole (or £, = 2/7x  for a

Thes interplay of the collimator diameter d with atomic beam . o 4 hole)

. round ho .

diameter on the la; 29 H

\ '

-

€ = l(l-h)=9,/¢_ (9)
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2, Space distribution

Let us denote by ? (S)(r) the number of atoms passing in unit
time a wunit area of a plane, containing the laser ray, perpendicu-
lar to the atomic beam axis, at a distance r <from the interaction
region centre (the flux); and by V)(r) ; the number of atoms in
a unit volume at the same place (the density). We introduce the no-
tations, necessary in the following:

= 0, x<£ 0 , z, x££
T = 1z 0< x I ={x‘4, /2. (10)
r , 0= red._
R
r gr ‘S’_—d- R d.zr <y (11)
A ) g£ree
valid also for r changed to T, ,
b= &x min[1, 3/GO), r, /7 6)] - (12)
Als=o:
) = 4+x£, 9(x) = arc tg (x) (13)
S 2 o v _ o
T a0 b T e ~
, (14)
ng = p 5 nV = 3/2.

With these notations both flux and density distributions become:

5v) (5¥) -
=gl 1~-r/g

[4(r8)]™sv

% _-r/e
T T a2

8

+oe u!‘+/p4_" +

E "'1/§+|| _(_= .
Gl " i-te-zr0-)

L H(,-,-/Z‘r)"s,y

Note that (15) and further formulae for velocity (20) and integral

(Appendix) simplify if the collimator finite dimensions are neglec-
ted: h 1.

Fig.2, Space (r) digtribution of atomic
' enslty (15) ?‘V(r) in a normal
cases 1 =10 ,“h=10, d=1,

1 (1, circles), and in a case of laser

1o ray extremelynear to collimator exit:
R, } = 11 , everything else the same (2,
% squares); all distances in mm , Both
S are presented with scattering from col-
r ; limator # # 0 (s0lid lines) and

y without it 2 = 0 (dashed lines),
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To get an impression about their behaviour, one of the space dis-
‘tributions is shown in fig. 2., As one can see, increasing 1 in-
creases the linear broadening both with and without scattering from
collimator wallse. Scattering makes the distributions mich broader in
both cases presented. Without scattering they disappear at ¢ <« r
and are similar in angular units at r < ¢ +« In the case of nor-
mal distance between collimstor and laser ray, the density near to
the atomic beam axis (r ~ 0) 18 changed insignificantly when
scattering is included. In the opposite case of a laser ray extreme-
1y near to collimator exit differences appear. They are especially
evident at r = O : the density is significantly increased with and
‘mostly due to scattering from collimator walls,

We take for comparison the experimental’information for the angu-

-lar distribution width at half height from fig. 14 of ref. /7/. In

the cases h/d = 13 and h/d = 7 the experimentel data are #4,7°
and 8.,1° . Theoretically by a Monte Cerlo method in fig. 13 of ref.
/7/, the same authors obtain 2.8° and 5.8° . Our calculation
gives 4.8° .and 8,6° , This means that the discrepancy between
theory and experiment, mentioned by the authors of ref. 7. , is

‘avoided here. The reason for the better agreement of the present re-



sults with experiment may be the fact that diffuse scattering is
taken into account here. This phenomenon is suggested in ref. as
the origin of their discrepancy.

3., Velocity distribution

In the normal case (see fig. 2) the distribution over the rela-
tive velocity u component along the laser ray to the one along the
atomic beam axis is very near to that of the density ? (r) if
u=r/l for r<¢ end u-= r_/(1-h) for ¢ < r . However,
in the extreme case differences occur. Moreover, in connection with
the relation of relative wvelocity u to shift .A)) of frequency
v (first order Doppler effect):

=£l/m—“"—ic’—vy (16)

where for the moment we can insert u > u (tor u, : see section
4), the frequency ghift distribution will be ¢ (u) ay propor-

tiopal to  [2(w) Vo (")(u)ay . This means that the denominator .

in (15) [£(@)] 7 will disappear in g (u) : see'(20). It will
make the frequency distribution broader at high u .

Therefore we are going to obtain the relative veloclty
g (u)[f(u)] du or the frequency g(u)ay distribution indepen—
dently., First of all, the Maxwell velocity distribution has been
approximately taken into account by the VIEE coefficient in
(16), where 2 Vin.z ~ 1,665 , Then the finite dimensions of the
collimator have been considered approximately too. Let us introduce
the additional notations:

y, = d/h = ¢/t = 9. /(€-h)
17)

w, = 2d/(l-h) = 2(e- 1)
%, = ®xmin[1, 3/(2¢6), %;/u, 3v, au + w,)] (18)

-and ,
1-5"+ei(1+£')z , X < o
h(x) = { E— 1 < .
6 .

>

witn (10) and these notations, the numerator of the relative ve-
locity, corresponding to the frequency distribution, becomes:

glw) = c0{4 - uly, + €, h(u/z@)}. (20)

This distribution is shown in fig. 3 for the same cases as the
space one in fig. 2. One can see that the normal case distributions
in fig. 3 are similar to those in fig.2,
except that the cne with scattering

Pig.3. Frequency shift AV or numera-

or of relative velocity u distribu~
tion (20) g (u) . The rest as for
fig. 2.

becomes broader at high u , as espected above; without scattering
both cases completely coincide, disappearing at v <u.In the
case of extreme nearness a similar broadening with scatterig in fig.-
% compared to fig. 2 remains at high u . But at low u +the beha-
viour is rather different:. e.g.,the significant rise of the curve
with scattering as compared to that without it in fig. 2 becomes
mach lower in fig. 3. ’

4, Integral quantities and Doppler width

We introduce the integral flux of atoms ¥ through the infinite
area Soo , 1.€.,in ull directions (total flux), and the integral
number of atoms O in the infinite volume o (total number):

=/?(5)ds =/7Mdv. : (21)
3

We also introduce the integral flux of atoms ¥ through the inte-
raction region cross section S (local flux) and the integral num-
ber of atoms X in the interaction region volume V (local number):

< (S) ) '
so:!g s x={? dV . (22)



Both integrations can be performed numerically by using the space
distributions (15). However for the user it is preferable. if simple
analytical formlae could be obtained. Such formulae are given in
the Appendix. The integration in (21) can be performed immediately.
The integration in (22) contains approximations in order that the
final ,formulae may become long, but remain simple to use. However
care has been taken that the final formulae do not lose the quality
of (15) to take into account the finite dimensions of the atomic
beam collimator and laser ray. So they remain approximately valid
even in the case of a laser ray extremely near to collimator exit.

The Doppler width in terms of relative velocity u is defined
as full width at half maximm of the frequency distribution. Without
taking the finite length of the interaction region for the moment
into account, this definition gives the equation for u :

g (u) =2i ¢(0). (23)

This equation can also be solved numerically by using the fregquency
distribution (20). But it is again preferable to obtain the solution
analytically in a simple form, without losing the quality of (20) to
take into account the finite dimensions of the atomic beam collima-
tor. Su¢h a formula for the solution u of (23) is given in the
Appendix as well,

However, the finite length 27T ,6of the interaction region impo-
ses an upper limit t on the active relative velocities u yiel-
ding céfresponding frequency shifts 4Y . This limit t 1is also
found in the Appendix. Then the real frequency distribution will
have the width (16), where

u, = min(u t). (24)

5. Numerical results

Calculations of all the integral fluxes and numbers (21, 22) and
of the Doppler widths (16), by using the Appendix, are shown in
figs., 4 and 5, Let us note that ¥/¥ and X/# yield two defini-
tions of the collimation efficiency, rather near to each other, Also
the variations of the numbers -8 and X with changes of the para-
meters,are rather near to those of the fluxes ¥ and ¥ respecti-
vely. Therefore only numbers and widths (but not fluxes) have been
demonstrated in f£ige. 4 and 5. Due to the logaritﬁmic vertical scalse,

l’b-'
fa S

Fig. 4 (&) Total number of atoms (30) 6
atom (horizontal lines at unreal 1 < h
can be prolonged to emy real 1 > h

since 5- does not depend of 1 3, local
number of atoms (38) with (31-37) X atom
écurved lines at real 1> h ), and

b) Poppler width (16) with (24, 39, 40)
AY MHz (a horizontal line above is the
maximal AY at the accepted v_ , » ).
dependencies on distance of lasef ray to
collimator entrance 1 , for different
collimator lengths: h = 0.1l (circles),
h =1 (squares), h = 10 (crosses),
h = 100 ?x's), at an atomic beam collima-

J tor diameter d = 1 , a laser ray diameter
§ =1, an interaction region length
J 27 =6 3 sll distsnces in mm . With
<@ atomic scattering from collimator walls
L x #0 Esolid 1lines) and without it
> = 0 (dashed lines). For "standard"
ng , Vg (see caption to the table ).

Pig. 5. The same as for fig. 4 except:
collimator diameter d4d = 0.1 mm ; extrapo-
lation (dotted lines).

the reciprocal collimation efficiency
8/ x is presented by the distance be-
tween the horizj;tal line for 6 and

curved line for /¥ , its limit for 1 —
h being 1 (O distance), as it should be.

Prom figs. 4 and 5 one can see the im-
provement of collimation efficiency X/ at shorter distances 1/d
end longer collimators h/d as expected. Howsver one sees immediate-
1y that at real laser ray to collimator exit distances 1 - h one
can hardly expect an efficiency better than 1%.. The mumbers of
atoms with scattering from collimator walls are higher than those
without, and become almost the same &t high distances 1> h ,
but the efficiencies are lowsr and tend to 1 , becoming almost the
same, at low distances 1= h .

One observes an improvement in Doppler width 4)» , i.e.,in reso -
solution, at higher 1/d4 . The Doppler widths are better in the case
without sbattering compared to those with it, more for higher . b/d ,




.but only at a low enough 1/h , when they become independent of

1/4 . On the contrary, at high enough 1/h , Doppler widths are al-
nost independent of h/d& and of the presence or absence of scatte-
ring from collimator walls. -

Table
Total ¥ and local ¥ flux of atoms, total & and local X
namber of atoms (30, 38), Doppler width 4)Y  (16) with (3 # 0)
and without (9¢ = 0) atomic scattering from collimator walls, for
two collimators with different sets of 4 , h , 1 parasmeters,

called in ref. /4/ "low" and "high" collimation, 6 = 1 mm, 27 = 6 mm,

i- h
n?:fl:on d mm Coee y, &1 g ! 8 X ay, Miz

low 1 1 113 40| 1108x10"" 3326x107 4345x105 9262x10" 2235
=0 | 4755x10"0 3281x107 1463x105 9137x10' 2235
high 07 7 17 40| 8165x10% 1526x107 292210 s28x10" 2067
=0 | 3597x108 1350107 1003 103 3759x10' 2067

Calculation performed for "standard" values of (1) ng = 4 x 1015
at'om/m5 and (2) vy =250 /s ., At any n and v , the values of
¥ and ¥ are obtained from those of the table multiplying them
by nv/ngv, : see (14, 28), of € and X multiplying by n/ng :
see (14, 28), of AV mltiplying by v/vs s see (16).

Next we give in the table all integral fluxes {and ¥ , numbers
of atoms & and ¥ . (21, 22), and Doppler widths 4V (16), for
two collimators used in the real experiments of ref. « One sees
the better collimation efficiency ¥Y/¥ or X/8 and its higher
improvement without scattering for.the second collimator, but the
almost unchenged Doppler width 4V in all cases.

To illustrate the rapid change of, e.g., ¥ wiyh T , we present
a calculation in fig. 6, according to the procedure explained in the
caption to the table, with the experimental correction, discussed in
the next passage, included.

Further we discuss an experiment to check our calculations with
respect to possible errors in the empirical data about P(T) and/or
effective temperature located at another place than the measured
one T with a sample of pure 6 Eu /4/. The total number of evapc-
rated atoms bas been obtained experimentally by weight measurements
before and after oven heating and theoretically by integrating

1o

- —

e e v v o %
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e e
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Fig,6 ., Dependence of total flux

' (for one of both stable iso- .
topes) of pure natural 63Eu on ovén
sample temperature T (high col-
limation, with scattering 2 # 0).

the total flux ¥ over time. A
ratio 1.689 was obtained, which

L+ L0 1

@ G —‘uf‘—m‘m—'—u‘r corresponds to a temperature higher
by 125 K . A corresponding cor-

rection has to be introduced in all flux and number predictions.

6. Generalizations beyond basic asgumptions

The first assumption of section 1, about vapour in the oven being
saturated, can be checked and its violation taken into account expe-
rimentally. The way to do it has been shown elsewhere, especially by
our quantity ci(t) (6) of ref. '/4/, giving the ratio of the real
to saturated vapour concentration (for &= X 1in the notations of
that reference) and by the change:

n—n'= c;(t)n. (25)

The second assumption of a high mean free path A>> h is actually
valid for low vapour pressures P < 107° Torr, which is the case
in real situations /4/ . However, if its violation might happen, one
can treat the case approximately by the following changes:

hesh' = hVMA+h)
'[—>f'} VK = (- h (26)

Tl-——»ﬂl = Tl\/h/(ﬂﬁ-h—)— .

The third éssumption of diffuse sca{;tering without reflection
M~ 1 has been done in other publications 6 , and is Jjustified by
tHe coincidence of the present theory with the experiment of ref,
for angular distribution widths, discussed at the end of section 2.
However if it is violated, one can treat the case approximately by
the following changes:

h_’h'= hfu/ '
¢ =0, l-h={l-4 27)

}2-—»!2':/1

11



In particular, the case of reflection without scattering /L{ =0
would be equivalent to disappearance of the collimator (it becomes
like a part of the oven): h —> =0,1— 1=1-h,

Appendix
" We introduce the following notations in addition to 5, 6, 9-14,
18):
1 n
¥ =t nVve 6 =2 néo’ (28)
173 ’ © 8
and

F(Z)% G(h) = F(E)G(€) = & = 2 x min[f, 3/(2¢)]. (29

By integrating (21) to get ¥ @ 1in two dimensions, we obtain
directly:

-%{u-ae,,)[' Sil] 1 , M_}

d/h h/d
InlVL(d/m)+dih] /
6= 8, {{-(1=5, A . o)
{ ) aih ik din

. By, integrating (22) to get ¥ , X in a one-dimensional appro-
xination a,,long the laser ray, valid in the case O 2 ZR.L obtain:

=Zy , -Z X . (31)

The various terms ‘are written as tollows: ..

1

. .A rl“.“[ﬁ) .g(’[{//z-) ; 1 J P
Y o= SAa, =+ > S
, “7 0 z{ ik R

(32)

7 1 _ 1
* bTo[ 7((71_/(;,) /(‘C;+/'ZE’)]}

hd

12

vy =p hfag—t— + b]] - == |
° V/[r/! WlYiz,. /Fz Hr, /L)
with
a;:—: Fn xdfg, L: [_ fz /(¢,7%,) (33)
further
T, (5) zZ, /f_T z /0,
v ‘=2p”s, (?//) (%/L, 1k
b4 Bl ]
T’L(ﬁ/fr,} %{rz/fg)J T 'I%(m/fr) %@J!’d&
e 0(4/)%{(2% :F‘.//;_ri,_ _ ZT,/{:L (34)
Wt “ [M@//Tz) Vilz/t:,)
_ )
G | } o ! }
[ /t,/f ///r/i’} T V[(T,,/f V// Zr}
with
ay = P b, B0 1% v xdlp+d/4)/of]
9 < (35)
S TV B I A RN

and for 1 x3, &4

13
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* 2 Tt—f[ Tioqe ) T - Cie
}((_.t +) t+ Loy ](/‘—-—)
‘T,' 1 fz.(_ (36}

_Liote Eu (Tt }

érz-l 5{ ZZ’[ ) gz'{- )

¥ l/;f/ TM*)_
— ~ 7 1 7

;1 - fw‘é ;’ (Zn(c“' {T[-I) f'zl'i-l — 1 1 ]

‘with
~ 1 (/ (=3
7 o~ )
‘(8- : b - 4 (37
“1—1‘_{_ Xt 9 bn(t,. /73) Tiy e S T, L, (=4 7
in(T /7, @

A two dimensional factorization approximation for ¥
take laser ray thickness in the case
achieved easily as follows:

/2 (S
y - ysz 18,9 01] o
’Z" 5/2,/[ (W{O)J i

,» X %o
2p < & 1into account can be

14

Y

[ —
— e e O e e -

To obtain A4Y (16), we have to find the solution u of (23):

o= oe/[1+ 3 (1-¢")] , Bt = f+ p/(2) .

Then we find the limit ¢t :

dl3 < T+ d/3

N

9 t=17,./¢
9 < T+d3< 5d/e: t= (T + d/g)/[g(f —-h)]
¢, Sd/e < T+d/3 ; (T +4d/3) /(¢ -H) .

I

o~
I

Both u (39) and t (40) are to be inserted in (24) to get u

o k
and u, into (16) to obtain Ay .
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Hagwakos E.[, E6-86-231
Konnumayma aTOMHOroO nyuka

Ctapaa npobneMa konnuMauMm aTOMHOMO NyuYKa pPacCMOTPEHa 33HOBO B CBA3MW
C passnMTUEM NAa3epHON CNEKTPOCKONMM B aaepHON duanke. Hahpewm pacnpegeneHun
ATOMHOrO MNOTOKAa M MAOTHOCTU B NPOCTPAHCTBE U NO -CKOPOCTU NPU MCNOAL3OBAHUKU
IMMMPUYECKUX [aHHLIX OTHOCHTESILHO 3aBMCMMOCTM RaBNEHWA Napa OT TeMmneparyph,
MaKCBESIIOBCKOrO pacnpeAeneHa CKOpPOCTer B TUTNe M 3MNMPUYEecKH OBOCHOBaHHOM
runoTeas OTHOCMTENbHO PAacCEeAHMA aTOMOB OT CTEHOK KonnuMartopa, onpepenaouen
TPAHCMUCCUID KONNMMaTopa. B peaynbTaTe Hakgeus WMHTErpanbHWe NOTOKWM M UMCHa
aToMOB, MNOKMAAUMX TUrednlb uYepe3 obnacTb B3aMMOAENCTBUA ATOMHOrO nNyuka - na-
3epHOTOo Nyuya ~ ¢riyopecyeHTHoro ceeTa, a TaKke BO HCEX HanpaBneHusax, cnegyn- |
WaA OTCAa 3PPEKTUBHOCTb KONNMMAauMK, Kak M AonnnepoBcKas WWPMHA NAUHUM. OHK
npegHa3HayeHs A/NA" UCNONbL3OBaAHUA B Apyron nybnuMkauyuu, NOCBAWEHROM onpegene-
HMIO U NpeacKasaHupo MNapaMeTpoB Na3epHOro CneKTPoMeTpas

PaboTa snnonHeHa B8 flabopaTtopuu sAfepHux peakuun OURH.

Hpenpynr O6benmHeHHOro HHCTHTYTa AflepHEX Hccnenopamuii. Jly6Ha 1986

*Nadjakov E.G.

E6-86-231
Atomic Beam Collimation

4
The old problem of atomic beam collimation is considered once more in

connectlon with the development of laser Spectroscopy in nuclear physics.
The distributions of the atomic flux and density over space and velocity
are found by using empirical data about vapour pressure dependence on.tem-
perature, the Maxwell velocity distribution in oven, and an empirically ba-
sed hypothasis about atom scattering from collimator walls determining the
collimator transmission. Consequently, the integral fluxes and numbers of
atoms leaving the oven through the atomic beam - laser ' ray - fluorescence
light Interactlion region and also in all directions, the consequent colli-
mation efficlency, as well as the Doppler line width are found. They are to
be used In.another publication concernina determination and prognosis of la-
ser spectrometer parameters.

The Investigation has been performed at the Laboratory of Nuclear
Reactions, JINR.
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