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An Apparatus for Molecular Beam Scattering from Single
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ABSTRACT
A system which combines molecular béam scatfering with low energy -

electron diffraction is described. Thevapparatus is usea to study

'molécular and éfomic beam scattering from single crystal surfaces

and to investigate reactive scattering of gases'from surfaces. The

‘ deﬁeétor-is a quadrupole mass spectrometer which may be»roﬁated about
 the ta?get crystal both in and out of the plaﬁe formed by the iﬁcident
. beam and the surfaqe normal. Through the use of differential pumping
" techniques, the sample is maintained in an ultravhigh vacuum environ-
‘ment (<1Q—8'torr) during the course of the molecular beam scattering
. experiment. The use of UHV permits the experimental investigation
~ of gas-solid interaction parameters ﬁhich are unobtainaﬁle with more

conventional technigues. Low &nergy electron diffraction (LEED) -

provides information on surface conditions while Ayger spectfoscopy

may-bé used to identify surface contaminants.



UCRL~19181 -

"~ INTRODUCTION

Scaﬁtering experiments with crossed molecular beams have long been
used tolprobe the_dynamics”of gas phase reactions. The investigafion of

| molecular beam-surface interactions, although initiated in the late

tWénties,l has only recently begun to yield valuable information concerning -

the dynamics ofISCattering from suffaces and of éurfacevreactions.?’s

Theoretically, suéhvstudiés:qan be used to obtain the'angular distributiqn
~of the séattered_beém énd produCts; the partitién of.feacfion éhergy amoné
tranélétiénal, vibrational and rotational modeé, fhe.surface'residence
time,h and the reaction probability as a functibh of surfaqe'and gas
temperatures; To daté,'only a féw of thésé possibilities have beeﬁ
réalizéa‘and reported in the 1iteréfure. 'Dué ﬁo recenf.advances in moléq;
ular Beam, electronic detectidn:and ultra highA§acﬁum'techniques, hoﬁévef;
severalvieséarch grsups aré now pursuing such studies. |
intefbretétion of the early experimental results obfainéd in surféce
écattering studies was difficult due to the unknown surféceApropefties |
_and polyérystalline nature of the t&rgéts’then_employed. Recognition‘of
this problem has led recent experimentersrto use singie crysfal targets5 -
and to devise methods to ihsure surface cléanlinéss @uring'the course of
the’scattering experiment; The most widely used of_these ﬁethbds_are:‘
(l) high surface temperatures so that the rate-of desorptioh of the
background gas is greater than its rate of adSorption56 and (2) continuoué
deposition of the sélid substrate at a rate exceediﬁg that df_thé

impingihg backgrbund gas.5 The first of these methods is restricted to

\.(" .
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the fhermally stéble faces of a féw refractoryvméﬁéls énd does not permit
the study.of a reaction's dependence upon.surface temperéture, ‘Method (2)
permitslbnly limitéd temperature variation due fd ﬁhé restricted
conditioﬁé ﬁecessary for the epitaXial growth Of'single crystal.surfaces
on a subétrate. Such studiés must bé.limitea to oniy those crystal faces
which can bé deposited with a dominant orientation, thus excluding the
invesﬁigatioﬁ df high indéx faces. Currently, the only faces that ha&e
been deposited are those of the (111) orientatioﬁvof_Ag; Au énd Ni.7,

We have developed an apparatus which permits one to study the

scattering of moleculaf beams from single crystal surfaces at any

temperature (either high or low), under ultra high vacuum ambient

conditions (<'J_O_8 torr). ‘In our apparatué, ﬁsi‘n‘g almost any high purity
single Crystal.commercially available,’one may-inveStigate the-efféct on
the gas;solid interaction of varying the folloﬁing'paraméters:‘ the |
surface temperature, the incident ﬁngle of the beam, the crystallographic
orientation of the target planevor the surface ordér. We can also cafry
out low énergy electron diffraction (LEED),8 Auger spectroécopy,9
ellipsometry;;o and ion bombardmentll studiés to concurrently probé.the
surface. - |

This paper describes the‘apparatus constructed to péfmit thé.stﬁdy _
of beaﬁ'écattering under the conditions déscribed.above. The sample
may be bombarded by either continuous (d.c.) or puised (a.c.) thermal
atomic or molecular béams; LEED may bé uséd to mohitor.éurfacé conditions

befOre,:during, and after scattering studies. The combination of thése

. techniques is used to provide information on the energy transfer between

the incident molecules and the surface during chemical reactions. Such

.data should be of great importance in the fields of surface reaction
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kinetics and heterogeneous catalysis,

APPARATUSDESCRIPTION - - o .

:Fig.-l shows a schematic diagram of the major,componehtS'of the
entirerapparatus while Fig. 2 gives a»more‘detaiied view of the scattefing.
chamber;» The apparatus cohsists of three sgparafe parts: (1) éLSPécially
constructed ultra high Vacﬁum scattering chambeficdhpled.by a bakeable
gate valve to two other differentially pumped chambers, (II) and (III),
#here the molecular beams are generated; The:UHV portion is pﬁmped
ventirely by sorpiion and ion pﬁmps and is bakeable to 250°C while the
chér ﬁwo chambers are pumped by'conventional liquid nitrogen baffled
oil diffusion puméé; ’Thevactual”scaftering ekperiment'from the single‘
crystai sﬁrfacé is carried out in the UHV chamber.‘ This chamber also
houées the masé'Sbectrometer uSed as .a beam détectdr andvthe LEED optics
used.£o mdhitbr the surfacé Stfucture; Chamber (II) conﬁains fhe beam:':
chopper'of a rotafing disk velocity selector andvéhémber (II1), the o&en

‘source used to generate the beam.

I. .Scattering‘Chamber.

‘The_ﬁltra.high vacuum chamber itself consiSts'of a type 30k sﬁainless sﬁeei'
sheet, 4.8 m thick, welded into a cylindér 30 cm in diaméter and 50 cm |
in height. Thick plates (25.4 mm).welded to the top and bottom of this
cylinder prevent buckling due to the external and internal preséuré - | ©
differences. Various size copper sealed access ports (Fig. 2) are
situated in convenient:locations about the cylinder's'circumfereﬁce as .
well as.in its top and bottom. Total pressures are measured with a nude
ionizétion gauge mounted direcfly in the chamber; In the absehce of a

molecular beam, the gate valve between the scattering and selector
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‘chamber is kept closed, thus allowingAfhe uHv éhamber to be used

indepeﬁdeﬁtly for low energy electron diffraction éxperiments}

The mbleéular beam eﬁtefs the scattéring chambér_along a fixed line
intersectiﬁg,thé-axis of the.cylindrical'éhamber:by.tfaversing a bakeabie
gate,vélye (Whittaker Model SVS-3) which has béen fitted with a (changesble)
collimating orifice 1.5 mm ih diametér. The taréef; an oriented single

crystal disk (7 mm in diameter and 1 mm thick) is suspended from a Varian

. multipurpose electromechanical feedthrough at the pbinf where the LEED, ion

bombdrdmént, and.molecﬁlar beams intersect the axis of the scattefing
chamber,.:This mountiﬁg permits the crystal to be roﬁated épproximafely_
300° on the UHV chamber's cylindrical axis for use in either LEED or
scattering-expérimehts. Sample temperatures ébove room temperature are 3
attained through resistive heating while low temperatures may be reached
by the use of a special liquid nitrogen cdolea holdér.12

In order to study molecular beam scattering_ffom a surfacé in an
ultra high vacuum smbient, differential pumping techniques must be used
to avbid flooding the scattering chamber with noﬁ—directicnal gas.
molecules effusing through the collimating orifice. Even so, vigorous

pumping of the scattering chamber is necessary to keep the ambient as

gas free ‘as possible. Ideally the pump should Be located directly

 opposite the beam source so that'the beam molecules pass directly into

the pump unless scattered by the target surface. For this work, a 500
liter/séccnd vacuum ionization pump (Varian Noble VacIon) was chosen.

The large speed is desirable because, even for such "noble gas" pumps,

the pumping speed falls to roughly 30% of the maximum rate observed for

N2 when one pumps He or Ar. A bakeable‘gafe valve connecté_the pump to
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the UHV scattering chamber. This allows the pump to be isolated and

left operating when the main chamber is opened tb Change'the sample, thus -
faéilitating‘latef‘pump-down. Evacuation is iniﬁiated by an air
aspiratorf(yarian GASP Roughing Pump) to a pressuré of roughly 200 torr |
and‘follOQéd.by the serial application of two sérpﬁibn pumps (Ultek

Model 50-135) to 10> torr or lower. At this p?éssﬁie the gate valve to
the ion pump may be.opéned. Use of the aspirator édnsiderably éhortens

T

the punp-down time. - Pressure below lO; torr are regularly achieved

within two‘hours. .Following_a 200°C bakeout, pressurés on the 10_lO torr

scale (as indicated by a nude ion gauge) have been-méaSured in the

séattering chamber. Fig; 3 shows'a masé'spéctruﬁ of the.residual gas

backgrdﬁnd'in the isolated scatfefing chamber (i.e. no parent beam présént).
Béfore, during, or after écattering ’byvthe mqlecular Beam; the

surfacefmay be studied by iéw enérgy electron diffraction. Thé LEED

optics are located perpendicular to both the beam line and the cylindrical

axis of scéttering chamber (Fig. 2). Eack diffrégféd low énergy electrons
'(energiés of 5 to 500 ev yield wavelengths between S.SVX and 0,5 z) are
well suited to probe the surface structure during avmolecﬁlar beam
.scatteriﬁg experiment because théir strong coulomb repulsion by the
substraﬁe_pérmits penetration of only a few atomic layers.8 LEED caﬁ-
also Be used to identify the.presence of contaminant surface étructures.
For example; Fig; La and 4b show the diffraction pattern of abclean ' L |

: g
Pt (100) .surface and a platinum surface yielding a ring-like diffraction:~ ' v i
pattern caused by surface'ca.mrbon.13 'The beam scattering properties of :_ ;
' the'plafinum surface may be markedly changed in the:presence of a layer

|

~of graphitic carbon.
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LEED techniqués ha#é demonstrated that heéting'the sample in
vacuum is'ﬁéually insufficient to prepare a clean surface. While some
coﬁtaﬁinants (i.ef‘cafbon ahd-hydrocarbbns on Pf or Ni) may_be'removed
by heating -in 6xygén (foliowed by heating in hydrbgen to‘reducevexcéssv

oxygen) , cleahing is best accomplished in. situ for most species by

. alternate cycles of sputtering with noble gas ions followed by high

temperdture annealing'of the specimen. A Varian.iOn bombardment gun is .
used to provide low energy ions of ArT or Xe+.(iﬁ0 to 375 volts) at
current_dénsities up to two microamps per squareléentimetef. These
conditions have been found to yield a minimum of.disordering of the
surface structure coupled with &an optimal removal -of éurféce impuritiés._
The scattering of reactive gases (CO, hydrocarbons, etc.) may
induce the formation of ordered surface structures due to the édsorption

of gas.moleculés incident on the surface dﬁrihg the scattering experiment.l

. Thus, one may observe a transient change in'the scattering properties of

the surface as.é function_of time due»to the fOfmétion of:é new structure.
Thié éan be ascertained and stﬁdied by simulténeoﬁs beam scattering and
LEED experiments. | |

Other gases»which may be used in moleculaf»beam studies adsorb in a
disordefed manner on the single crystal surface. LEED is not particularly_'
,sensitive to the presence of amorphous depqsits,oﬁ thevsurface'in

15

concentrations less than'lo% of a monolayer.”” Auger spectroscopy,
however, can be used to monitor the surface composition. This technique
involves the energy analysis of the back—écattered low energy electrons.

The observed signel is independent of surface order but proportional to

the concentration of contaminant surfact atoms. This measurement can




UCRL-19181

also be catried-out in thé scattering chamber using'the LEﬁD 0ptics.

‘eithér'dUring'or after a scattering experiment. | . e
To detect the angular distfibution of the scéttefed parent beam and

thé scattéréd products of a surface reaction, é‘quadrupole mass spectroﬁeter

!RElecfrénic Assdciatés Inc.vModél 250-A) is used. Its veréatilé mounting,

bictﬁréd in.Figufe 5, is built from a commerciai rotarj motion feedthrough

(Ion ‘Dynaﬁics’Corp.) with the normal lenéth 9151mm.diametef_5haft re—!.

placed by one ‘extending 30 ecm beyond the flange:face. This feedthrough

is atféched to a specially built linear motion drive containiﬂg the
électficai connections necessary fof the quadrupolé's‘operation; Align- i
ment of the rotating shaft is méintained b&-a bail buéhing.located on the
axis of thé scattéring chémber. One advantage of this mounting systemSis
that tﬁe mass spectrometer may bé easiiy‘ihserted or removed from fhe
chamber with all its internal connections intact,: The mounting allows 
Study of the scattered beam both in and out of théiincident plane-énd
rotation from -10° to +190° relative to the garent'Beam line. A 5° .

aééeptaﬁce angle at a distance of 5 cm from the target was obtainéd'by-

modifying the Pierce gun ionizef as showﬁ.in Figure 6.‘ The vertical -

profile'of a d.c. Xenon beam is presented in Figﬁre 7. Dﬁe to the low . |

resolufion at the time this‘éurve was obtained,.thé half width is some-

what exaggérated. ‘ _. » _" ' , f
| In order to reduce the ambient pressure as well as heip in pumping " V

- condensable gases, g liquid nitrogen cold finger can be instailed.belOW_

‘the viewing port opposite.the LEED optics, | |

‘II. Selector Chamber

This chamber acts primarily as a buffer between the source chamber

containing the oven which generates the beam and the scattering chamber.
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During an experiment using an oven pressure of several torr, the

-7

pressure in the selector chamber is 3 x 10 torr. A tuning fork beam
modulator (American Time Products Type L4O Light Chopper) with a

frequency of 150 hertz is used to generate an a.c¢. molecular beam.

Alternately, a rotating disk velocity selectorl6_is placed in the

chamber to prepare monochromatic beams for usepin scattering and surface
chemical-reaction studiee. |

A'lo“ oil diffusion pump (MCF-1400 with Dow Corning-T0k4 fluid)
trapped by a liquid nltrogen baffle and protected by an air operated gate
Yalve (Temescal Metallurglcal Corp ) is mounted to one side of thlS
chamber. A large access port is Opp031te the pump port._

III. Source Chamber

A glass multichannel effusive source (Bendix Mosaic Fabrications) BN
consistipg.of e .8 mm by 4.8 mm reetangdlar-array of tubes (length to
diameter ratio 100) is used to generate a thermal molecular beam of -
some noneondensable gas..vThe capillary array is held betweenvgold O-rings
in a stainless steel oven that can be heated to ;hOO°C and cooled to
_19606' A-detailed deecription of this oven (shewn in Figure 8) is given
elsewhefe.lY These sources have been.used by other authors for molecular
beam etudiesl8 and their characteristics have been fplly inpestigated.l9"
The source chamber is separated from the selector by a colllmatlng
oriflce having the same dimensions (.8 mm by h 8 mm) as.the beam  source.
It is pumped by a diffusion pump which is identical to that used to.pump‘

the selector chamber. To handle the large gas loadvduriﬁg operation of

.the beam, both pumps are backed by a rotary blower (Rootes model RS 120).

In order to insure that the crystal, gate valve collimator, and oven

collimator were all collinear, a laser beam was used to align the last
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slit (oVen.collimator) with the first two .positions. The main body'éfvthe
oveh‘chaﬁﬁer was then welded in place to the @ubé in which the oven fésides.

The laser beam can also bé uséd to opticaliy detefﬁiﬁé»the angle of the

" mass séectrometer détector and the crystal surface with respect to path 6f

‘the incident molecular team. | |
| The éas handliﬁg systém for the oven is a.gldsé;line external to this
chambér; Precise gaé flow conditibns from a highvpressure re#érvoir to
the.oven ana the ballaét flask used to damp out.pfessure-fluctuaﬁioﬁs‘are'
méintéined-by a variable saphire leak valve (Varian). In order to

minimize cbntaminatidn of the.beam gases and saphire leak by stopcock :

~ grease, single'O—ring sealed Teflon needlevvalQes.(Fisher and Porter éo,)
have been used in place of high-vacuum stopcocksvin this memifold.

INTERTOCKS

With an aﬁpapatus of ﬁhié_size and'complexity, any eieqtrical or
vacuum failure can damége parts of the system, éspecially-compéneﬁts.of
the ultra high vacuum chamber. COnsequently,.a.éystem of "fail-éafe":
safety devices was designed fb isolate ﬁhe démagéd'part ffdmvthe rest 6f
fhe apparaﬁus.‘” ' ”

Power input to the diffusion pump»heaters_is controlled by water flow,
watef_temperature, and fore-vacuum pressgre senéors.v All #alves, exéept'
those>leading to the scattering chamber, are airvoperated and.wired such
that they are normally closed. Thus a sudden lossvof'électrical power
causes all air operated valves to élose and remain s0 if any conditionsv
“unfavorable to their opening still exist when the eléctric power returns.
Additionally the valves are interlocked to one another so tﬁaf théy can
only be operated in a set séquence to further protect the system. Finally,

the valves between the diffusion pumps and the source and selector
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>chambers:are'connec£éd to pressﬁre.senéors that élose them when the pressure'

in'either'chamber'exceeds a preset value.

5B§th the mass spectrométer andbLEED'powef Sﬁpplies are inteflocked fo
line v§iﬁage through a'rélay that requires manual»feseﬁting after a power
failUre.L In this way, current surgeé throughjthe spectrometer ionizer and
LEED electron gun'filaménté caﬁ be averted. Thévion.pump on the scattering
chamber i§ self protected. Automatic shutdown results from the high ion
currents»due to high‘préssures. ’ o

| SUMMARY

An apparatus has 5een built to study molecﬁlar beam scattérihg from
clean éingle crystal surfécés undéf ultra high vacuum cohditioné.b By
successfuily isolating the differentially pumped 5eam source and velocity
selector cﬁambérs, and by the use of high speed pumps in all three chambers,
the tgfget crystal may be maintained in an ultfa_high vacuum environment
during the scattering experimenf.. Low energy’électron.diffraction (LEED)
and Augér;spectroscopy may be used éuriﬁg the séattering studies td
monitbr the crystal surface. Cleahihg of the,sufface is accbmplishéd by
iﬁ_EiEg ion bombardmenf sputtering. The angﬁlaf disfribuﬁion of the scattered
a.c. or d.c. molecular beam is obtaiﬁed'with a:quadrupole mass spectrometer 
that canvbe rotated about the crystal. During'the scéttering experiment ,
the surface temperature may be varied between.~l96°C and fhe_crystal'é.‘

melting: point.
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FIGURE CAPTIONS

Schematic diégram of molecular beam scattering apparatus.

Detailed view of Scattering Chamber. Ion pump (not shown) located

_on port:below LEED optics.

Scattering chamber backgrdund mass spectrum in absence of

10

molecular beam. Total pressure 9 x 107~ torr.

Diffraction pattern of clean Pt(100) sample yielding characteristic

(5x1) structure, E = 12k V,

Ring-like diffraction pattern due to presence of surface carbon

~ on Pt(100), E = 98 V.

Fig. 1.
Fig. 2.
Fig. 3.
Fig. La.
Fig. Lb.
Fig. 5.
Fig. 6.
Fig. T..
Fig. 8.

e

Mass spectrometer and linear-rotary motion feedthrough.
Modified mass spectrometer ionizer.
Vertical profile of D.C. xenon molecular beam.

Multichannel molecular beam source.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission: .

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,

. apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or

process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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