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SCATTERING IN A MOLECULAR BEAM AS A RESULT OF INTRA-BEAM COLLISIONS
David J. Meschi
Inorganic-Materials Reseérch Division, Lawrence-Bérkeley Laboratory and

e Department of Materials Science and Engineering, College of Engineering;
' University of California, Berkeley, California

ABSTRACT
Collisions between molecules in.a molecular beam can be a more '
serious'gause of scatterihg than collisions of the beam molecules witﬁ
. a backgfound gas. The magnitude of this effect is'species dependent
- and is capable of influencing experimental'results;fas is shown by

means of examples from high temperature mass-spéctrometry.
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INTRODUCTTON

Whéthér it is.a desired effect, as in the detérminafion of
reaction dross sections, 6r whether it is a detriment,_scattering of"
a moleculaf beam as a'resqlt of gas phase colliéiohs is a subject of
concern to experimenters in the field. Collisions between béam
molecules and ambient gasvmolecules or molecules of anofher beam are

discussed-thoroughly in many monographs and papers,;’2’3’h,5

but only
a few of these mention collisions between molecﬁlésAin the saﬁeubeém,
and the author is‘aware of énly the.one article by V. S. Troitskii
" which undertakes a quantitative freatment of thé'problem.

In wﬁat follows, a relatively simple model is‘developed and used
to show that intra—beam collisions can cause a significant attenuation
of the beam, and that the'degree éf attenuation varies with each

species, being a function of a collision cross-section, a mean relative

velocity, and the beam composition.
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DEVELOPMENT OF THE MODEL

The probability c,, that a molecule A with velocity v, will

AB A
collide with a B molecule in the increment of~time dt is given by the
formula,7'

2 3
o v ha v
¢ (v.,t) at = —2B gt n —2 exp(-a2 v2) vo
AB'VA> Q "B L | GXPi~0p Vp) Vg
| 2 v, 0 ¢ |
B
-2 2 1/2 . L
(vA + Vg - 2vAvBcose) sin6 4% ae QVB .
where o, = ( /2k'I‘)l/2 0,, is the collision radiﬁs for an A-B
B~ ''B > “AB

collision, n. is the density of B molecules at the point in question,

B
9 and ¢v.are the polar and azimuthal anglés respectivély_between'the’
velocity fectors zA_and 35, and Q is the segment 6f solid angle over
which 0 and ¢ may range. For a molecule in an eﬁélosed volume,
Q = Lkm, but for a molecule in a molecular beam, {2 is equal to W, the
solid angle subtended by the source orifice, wﬁich means § will be
a funétion of x, the distance along the beam, as will nB.‘

Distance, rather than time, is of intereét, so thé differenfial
in time dt is converted to dx/v,, to give the p?obability that av;
molecule A at x will sustain a collision with a‘B ﬁolecule in travelling
the distance dx. | .

It is now desired to average this probability over all the A

molecules arriving at point x. This is done by .integrating over. the

range of Va using the velocity distribution function,
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L S22y 3. L 1/2 ,'~’; s s
20, exp(—aA VA)‘VA dv,, where a, = (m /2kT) . ?hg mean collision

probability C._ is then expressed as the following:

AB

2 H 3 _
- Mo 8o
: AB : %p.
CAB(x)Qx= &— dx ng ;\:/2 . j f fj exp(-a v v

eip(—oc2 v2) ve (v2
B B B A

2 \1/2 -
+ _ R
V5 ‘2vAvBcos8) 31pe.d¢ ae dvy dvA . (1)
For the‘casé of the molecule in the isotrqpic'environment of an
enclosed volume, the multiple ihtegral with its normalizing factor can

1/2, but in general such |

be evaluated analytically to give (1 +m /mB)
an evaluatlon is not pos51ble for a molecular beam_ﬁhere 2 is restricted
“to wo.t In the latter case the simplifying assﬁmpfidn can be made that
0 is apﬁroximately zero, that is, that all the mélecules are frgvelling
in essenti#lly tﬁe same directibn. This assumbfibn will give too low
a collision probability, especially in the vicihify of the orifice,
but the result can be considered a lower limitt':Equation (1) then
.loses the dependence on 8 and ¢ and assumes %he form of Eq. (2).
The two integrals in the final'expressioﬁ can be infegrated by’
. ' parts t¢ give QAB; a measure of the.relgtive véloéities which depends -

only on the ratio of the masses:

~e

1/2 _ Ya3 i' 1/2
T e

‘QAB = 2(1 + uAB)
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where uAB,é mA/mB. A p;ot of @AB-versus uAB 1§ soown‘ln F;g. I.
~ Equation (2) can now be reduced tofthe form;

. _.2' ‘ .. : '
CAB(x) dx = WOAB ¢AB B(x) dx . | (3)

where the dependence on x of nB is indicated. To avgood‘approximation,

- w (x) pBw (x)

ng(x) = np o = P T

where nBO is the concentration of B molecules inside the source, Py

‘is the partlal pressure of B in the source, and w has been defined

above. The follow1ng expression,. derlved for a c1rcular orifice of

area &, is Sufficiently accuraté for the preéent‘purpose:
| - a/2]
2 R
wy(x) =2mf1 - (F—EEEE——-> .
, 2 _ :
_ L C\2mx + a/.

These relations substituted into Eq. (3) give,

| 1/2.
P . 2
_ .2 Py omx |
Ap(X) ax = Moy, QAB 2T |1 < ) ) dx .
2Tx~ + a

Now to find- Sy (L) the probablllty that an A ‘molecule will
successfully travel the beam length L without colliding with a B

molecule,fthe logarithm of .1 - CAB(x) dx is integrated from zero to L:
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Zp [1 —_CAB(X) dgl E: - CAB(x) ax, so that %

-

- | | R R 1/2 ) N
_ , ' 2 B . oNX . "
Ctn S, (L) = -moS, 0, == j. 1 - <—-———-—> dx !
v AB AB AB 2kT J \2 2 +a/ . . f

Dy o
fB 0,z 213_, [L + (at/w)l/2 (12 + a/ﬂ)l/z] i

2,

Ordinarily L is much greater than (a/m » SO the expression in
square bfackets can be expanded in terms of (1/L)(a/n) /2, and, considering

only first order terms, is approxlmated by (a./'rl‘)l/2 [l - (1/2L)(a/ﬂ)1/2].

- In most cases even the first order terms can be dlsregarded leaving

only (a/ﬂ)l/2

If'thevbeaﬁ is long eﬁough to warrant this approximation, the
probability that a molecule A can travel this length without colliding

with a,B molecule is given by the equation,

o P .
Spp = x@ 'Eﬁ%% OAB AB(a/")l/z] : W

The'parameter L no longer appears'in the expression, which means

- most of the coll131ons occur in the wvicinity of the or1f1ce, so that

lengthenlng the beam beyond the point where L 1s much greater than
(a/w);/2 will not s1gn1f1cant1y increase the number of collisions. if;
the pfeésure Py is gfeat‘enoqgh so that every molécule sustains at.
least 6ne collision, then the orifice can no longer be consideréd the

source. Instead the source of - the beam appears to be a diffuse
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"cloud" of molecules just outside the orifice. Esiermann mentions
this phenomenon as having been observed by several investigators.5
Equétién (4) can be combined with the usual formuls for the

intensity of a molecular beam to give an expression corrected for

" intra~beam sCattering:l’B’5
| . p, | Py . . 21
A . A 2 1/2
J = = exp [-— == oy, & . (a/m) ].
n1.2(2mm, k)12 kT T ARAR T |

J is thé beam flux-density at L, and the other SymbOls have already

'bqen defined. In this case the A and B molecules_are

| : . .
identical as the subscripts indicate. Differentiation of this

equation with respect to Py leads to the predictioﬁfof a maximum in

J at a value of pA'given by the relation,

p,(max) = —; 2 e
‘ ' Vile] @AA(a/w) .

AA

. Although the phenomenon of a maximum in the intensity as a function of

>

pressure has been observed,” it does not appear td‘be the genersl

vbcase. Derivation of the formula above predicates molecular flow, but

at pA(max).the mean free path inside the source is ébout‘Q.l al/e,

that is, about an order of magnitude smaller than the dimensions of
the'orifiée, which means that’viscous flow-is starfing. Under these
conditions the validity of the formula is marginal and depends on

parameters not considered in the derivation, such.as, perhaps, the

- geometry of the orifice, etec.
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AN TLLUSTRATIVE EXAMPLE -

Equation (4) contains three parameters which are deﬁéndent on the
species:',pB, 6AB’ and QAB’. The interacfion ofnthese paraheters can be
illustrated by means of an example. Consider g_beam'containing three
species: vSpecies lis a monomer molecﬁle; species 2 is a dimer of the
same‘molécule, therefore ha&ing twice the‘mass én& a somewhat greateri
’_size;_species 3is a mbleculé having the same massaés fhe dimer but
thé same size és the monomer. For each of theée Sbecies the |
_attenuafion as a result of collisidns can be caiEulated in each of
two cases. Cgsé I: the prinéipai_compohént of:thé beam is species 1,
ﬁith species 2 and 3 présent in minof.quantities;"‘Case IT: the
" principal component is speéies 2, with species-i-gnd'3 minor
constifuents. Only‘cpllisions of the species iniqﬁestion with the

major compbnent will be cohsidered. Then QAB will have the following

values, with the numerical subs¢ripté indicating the identity of A and

‘B respectively (e.g. 9., refers to the instance with species 1 as A

12

and species 2 as B):

o, = %, = ¢32 = 0.475, &, = 9,h7o,_ ¢, = &3, = 0.665.

The remaining parameters are assigned reasonable values such as

might be encountered at the ﬁigh pressure limit'of‘a mass-spectrometric

determination of_vaporVSpecies from a Knudsen cell:
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T = 1000°K, py = 0.1 torr, :a'='10 em®,

= 5x10%m, o, =0, =0, =6x10° cm,

011 =9 12 = 95 = 93

11 31

Opp = T % 10-8en.

Substitution of the above values in Eq. (4) will give the fraction
of'each_épécies which travels the»beam.length withqut,ﬁndergoing é
collisioh. va it is aésuﬁed that.each collisioanesults in a loss of
molecules,_then the.quantif& l--'SAB'is the fracﬁiqh of each species
lost as & result of séatfering; Table i lisfs'fhig‘fraﬁﬁon for each
species iq béth cases. Thé attenuation is app;eéiable,'ranging from
ébouf iO% tb.mbre than 18%. |

Fofvséecies 1, the moﬁomef;.the SCatferingfis:greatest in Casé II.
The iﬁéréase oier Case I‘ié caused by the diffefénce in 0, since
¢12 E‘Qll;i‘Loss'bf the dimér, species 2, is appfoximatély‘tﬁe'same iﬁ
'bbthbcaées, but is slightly.greater in Case I. Aithough O'is greater
in Case II, it is more than offset by the smaller §. ' |

_vIn both cases more dimer than monomer is ldgt: In Case I.both :
o'and-Q‘are greater fér the dimer,.aﬁd.so thevamount-lost is almost
twice that of the monomer. 1In Case’Ii, ®12 = @22, s0 only thei o
- difference in 0 is effective, andfaécordingly.thé»yalueS’fof'the dimer
and.monomef are ‘more neariy,aiike; Species 3;“which differs from .
species 1 in & and frqm species 2 in U, Caﬁ be ﬁséd to-analyZé the

difference between the monomer and dimer in terms of these two
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parametefs."In Case I the difference between speéiés 2 and 3 is
greater thén_ﬁetween species 1 and 3, but is of fhe #ame general mag- .
nifude, indicating that differences in both o ahd_@ ére important,
with thé'effect of 0 being the gréater,ffor Case II' the approximately

‘equality between ¢12 and ¢ (and therefore ¢22)Ai5'evident in the

32
similar values for sPecies 1 and 3, whereas the qifferénce in the
~ values for speéies 2 and 3 reflects the differiﬁg‘values of 0 |
responsible:for tﬁe greater scattering of the diméf! |

It’has already been menﬁioned that the model.developed here éivgs

collision probabilities that are actually lbwerﬁlimits. A somewhat

extreme upper limit may be found by substituting the value (1 + uAB)'

for ®,._ in Eq. (4), which would correspond to an isotropic distribution .

AB

of veldcity vectors with regard to orientation. ,The origin of this
expression was diséuésed ih cdﬁnection with Eq. (l).' On the averagé,_
ﬁhe frgctioﬁs scattered would increase'by'a factér of approximately
‘three for the'exampléé-given here if this substifﬁtion is made. Hence
the correct valuesvare almost cértainly within:affactor of two of .

those given in Table I, and probably much closer.

In order for the scattering from the backgfound gas to be compar-

able in magnitude to the intra-beam'séattering in.this example, the
beam length would have to be of the order of a meter at a background

pressure of 10_6 torr and a mean collision radius of 5 x 10'3 cm, and

correspondingly longer at lower background pressures.]’)

1/2
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. DISCUSSION

The rather simple modei developed here ser%eé to show that intra-
beam scétﬁéfing can be»quite significant af higﬁvbeam pressures. For
short beémvlengths,vas in méss-spéctrOmetérs with molecular beam
sources, fhis type of scattering is likely to be of more importapce
than scattering from a béckground gas. | |

Indeea, Case I iilustrates a hazard which may arise in a mass-
Speétrometric determinafion.such as that mentioﬁéd above in the |
example:  Vépor,pressure measuremehts of minor polymerié speéies
maae:gt high sourcé‘preSSures are suspect, éincéiﬁnder these conditions
preferential scattering of.thé polymers from the beam is likely to.
occuf. ’Roﬁerts and Searcy have feéently 6bserved‘this éffect.inj
their measuremehts of cerium fluoride vapor'preséure;B‘ Theii plét
of the_logarithm of the dimgr pressure. versus theﬁnverse of the_tempefaQ
ture, feprodﬁced-hererastig. iI, shows a déwnﬁard deviationvfrom
linearify étvthe'high pressure end. vAt a total:56ﬁfce pressure of
1073 atm and a temperature of about 1670°K, this,deviation'amoﬁnts to
about a third of the expected dimer fressure. ’A.rbﬁnd orifice 0.25 mm
in diameter was used in this range. These values één be inserted into
Eq. () with 8, = equal to 04665 and used to fiﬁd‘dAB for.the'dimer- 
monomer Qollision._ The value thus obtained is about 8 x 10-8 cm,
which is reasonsble. By compariéon, a value of abdut 6‘X 10_8cm
would be an éccéﬁtable value for the monomer-monomér collision radius.

Substitution of this value for OaB end 0.475 for-@AB into Eq. (L),
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with other paraméters the same, results in a Qalﬁeiof about 0.14 for
the fraction of-monomer scattered from the‘beam.._ihe plotted monomer
.preésurés'shbw avbafely discernible deviation ffém linearity a£'1670°K
of approximately the éorrect magnitude. Hence the data of Roberts and
Searcy are>éonsistent with.their_explanation of.these'deviations at
high source'pressﬁres as being cauSéd by intra;beéﬁ'écattering.
Although this model was derived for therma14vglocity.beamé it.can
be generalized to other gases.' The parameﬁer @AB ﬁili be the only
one affected, since it glone depends on the velocif& distribution. It

. ' . -> P> - "
is essentially equal to the quantity ,VA - VBI/VA_averaged over ;A and

> : .
vy for a thermal-velocity beam. Thus for beams having other velocity

distributions.the appropriate mean value of I;A}f,zé|/vA would have to

be substituted. It should be kept in mind that v_ is averaged over the

B

_ - . S o _
B molecules in a volume, vwhereas vy is averaged over the A molecules

passing through the beam.
The most common example of & non-thermal—Veloéity-beam is that
generated by a supersonic nozzle. In this case the dispersion in

B A

thermal-velocity beam, so higher beam intensities are possible before

-+ ->
velocities lvA - vp| is smaller relative to v, than it is for a

scattering becomes a problem,:
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Table I.
Specieé Caéé —
- I IT
1 - 0.097 0.135  .
2 | 0.185 | o.181 |
3 0.134 | 0.136

Fraction lost as a result.
of intra-beam collisions. -
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FIGURE CAPTIONS

Fig. I. Plot of QAB versus Y,p.
Fig. II.  Vapor pressures of cerium fluoride monomérsanddimers as

measured by Roberts and Seaicy, reference 8.
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