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Abstract

Collisions hetween deuterium atoms and hydrogen molecules

have been studied in a modulated crossed beam experiment. The relative
signel intensity end the signel phase for product ﬁthrom reactive
collisions a;igwed determinetion of both the angular distribution and
HD mean velocity a8 a function of angle. From these a relative differ-
ential reactive scattering cross section in center-of-mass coordinates
was deduced. The experiment indicates that reactively formed HD having»
Ilittle or no internal excitation departs from the éollision anistropi-
cally, with maximum amplitude 180° from the dirsction of the incident

D beam in C-of-M coordinates, vhich shows that the D-H-H reacting config-
uration is short-lived compered to its rotation time, Non-reactive
scattering of D by H2 was used to assign absolute values to the differen-

tial reactive scattering cross sections.
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I. INTRODUCTION

The pioneering work of Taylor and Datzl in 1955 on the reaction

% + HBr + KBr + H demonstréted that crossed beam techgiéues could be
a;plied éuccessfully to tﬁe study of thermal energy chemical reactions.

It was immediately clear that with this experimental method the means of
~investigating the dynamies of bimolecular chemical rea¢tions were within
'.reﬁch, @t least for the alkali species an& theif salt;; where use could be
made of surface ionization detectors with high éfficiéncy and specifiecity..
Very quickly other labora.tories2 took up the challenge of thermal energy
reactive scattering experiments and with improvéa éécﬁniqmes began to
isolate the experimehtal pérameters of iaterest. Conéequengly, for
thermal energy reactions involviﬁg.alkali speciés much detailed informatién
is available about both the angular and velocity distribution of the
products, the lifetime of the idtermediate collision complex, the
activation energy, the variation of reactioh cross section with energy

" and the internal energy stétes of the products. All this accumnlatéd__
‘date leads to an understanding of the_ionic‘bonding mechanism, this

being dominant in alkali salts.

For non-alkali sPec1e89 where the bonding is covelent, until re—.
cently a very limited amount of success had been achieved in thermal energy
neutral-neutral reactive scattering experlments Here a detector that is’

"universal" in nature is required. Such a detector has been in use widely
in beam experiments and it employs electron impact ionization followed by‘
mass analysis. The inherent disadvantages ofﬁthis detectioﬁ system are _
both the low efficiency and the inability to distinguish between reactiVely_

scattered beam molecules and background gas molecules of the same species.



The early partly successful experiments usingiﬁniversal

3 and H + Daoh The small rate

constant and the high background pressure of the interfering species,

detectors were on the reaction D + i,

together with the detector’s liﬁitations, meéde meaningful experimentation
extremely difficult. Improvement of the design of universal detectors
and the use of elaborate differential pumping around the ionizer has led
to reduction of the interfering background; and recently several labora-
tqries have reported5 on investigations of reactions of the type D + Br2
and C1 + Br,. |

2

One reactive scattering system, that of hydrogen atoms by hydrogen
molecules H + H2 + Hz + H or its isotopic variants, is of fundemental
importance from é chemical kinetics viéwpoint° The elementary character of
this bimolecular reaction makes it an excellent testing ground for theories
of chemical reaction. It has been the object of many theoretical inves-
tigations, the most recent and comprehensive of which have been by
Karplus and co—workerss6 and by Micha°7

Experimental ptogress in investigating this reaction has been
slow. The bulk reaction rate constant was measured as & function of
temperature as early as i930 for para~ to ortho-hydrogen conversion due to
atomic hydrogeno8 In the last decade the other hydrogen isotopic reactions

9 using various techniques to

have been investigated by several workers
determine the reaction rate in the temperature range 2SO°K t6 750°K°
These experiments hﬁve provided much needed bulk information about this
reaction. However, at best, given a particular set of reaction model
'assumptions, the data can determine only rigorous bounds 6n integrated

properties of the'cross sectionolo



The preliminary crossed beam scattepiné éxperiments on the
hydrogen exchange reaction3’h had been unable to make use of the full
potential of this powerful technique. The present paper describes the
progress made récently towards further understanding the reaction
D+ H2 + HD + H. To this end measurements have been made of the HD
differential scattering cross section, the velocity of the products and,

for calibration purposes, the differential scattering cross section for

non-reactive scattering of D on Hzo

II. KINBMATICS

In crossed beam experiments it is of value to construct a velocity
vector diagram of in-plane scattering. Figure 1 shows such a diagram
of the D + H2 reaction at threshold energy with the moleculgr beam cooled,
as was the case in these experiments, to ensure ﬁhat only low lying
rotational states participate in a collision.

The velocity of the H, molecule OK is the mean velocity of a H2

2
beam cooled to TT°K. The D atom velocity OB is that which makes the

relative kinetic energy correspond to the &ctivation energy 0.33 evoll

OCR represents the center-of-mass velocity. Applying conservation of

momentum to the reaction and assuming the initial H,_, and product HD have

2

no internal energy, the circle designated HDR is found to be the locus

of velocities of HD product in the center-of-mass coordinates. The ratio

of the radius of this circle to the D atom speed in center-of-mass coor-
1 AE,.1/2 . .

dinates is Lg (1 —-73)] vhere AE is the endothermicity and E the rela-

tive kinetic energy. The tangents drawn from the origin to this circle

OH and OH' represent the angular limits between which reactive HD signals
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will be_observed, approximﬁtely from a laboratory angle of +41%° to
-28%°, (The positive signvis used to dehﬁte_deflection from the D
direction towérds ﬁhe H, cross beam direétioﬁe)f Within these limits at

8 laboraxbry angle 3 the HD product has‘twp-séparate velocity components,
OD and OM'eoéresponding to backvard.and foréafd,scattering in the center-
of-mass system. | .

Recognition must be taken at ﬁhis §9int of the almost certain
presence of HD molecules in the D atom beam ”hkdﬁe to the difficulty of
aeparating the i@purity HD from the D2 :eeder_gaso' The velocity vector
diagram for HD ei&stic scattering from Ha'is a;so shown in Fig. 1. OA
répresents the ﬁaéa velocity of HD from:a furhace running at a typical
.temperétu:e for 5 béam production (g&oo°x5° ihe circle HDSc is the locus
| of scattéréd HD velocities in the center-of-mass sjstémo' In this idealized
casefécgttéring ié betweenllébaratory angleé approximately +50° to -36°.

h.This is approximaﬁely the same angular range gs for reactive
scattering; At eech lag@ratéry angle there can be réacﬁive and non—reacti#e
contributions frqm forward and beckward ségttéring in the center-of-mass
coordinates. With these similarities in #ﬁgular distribution it is impor-
tant to'distingdish experimentally betveén reactive collisions and

scattering of impurity HD.

III. APPARATUS

A. General Description
The apparatus used in this experiment is illustrated diagramma-
tically'in'Eig,'ao The devterium atém beam,source was & tungsten furnace

operating at up to 3000°K in the first of three differentially-pumped
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chambers. In ﬁhe second éhamber the beam was modulated by a rotating
toothed chopper wheel. After entering the third chambér, this beam passed
through a liquid helium cryopumped fourth chamber, within whi&h the dc
.Hzibeam erogsed the modulated D beam. HD formed by ?eaction emerged from
the fourth chember and was collimated into & beam for detection. The
detector was a high efficiency ionizer (10 mA/Torr), which responded to
gumber density of molecules in the beam, followed by an Extranuclear
Laboratories quadrupole mass filter and particle multiplier. The ionizer
was enclosed in a titanium-getter-pumped fifth chamber to reduce the
partial pressure of background ges whiéh is a severe source of shot
noise., All pf this assembly rotated about the beam intersection point

in the plane of the two crossed beams within ijo of the D beam a.xis°
Neither beam was velocity selected and the effective kinetic temperature
of the reaetants in the center-of-mass ccordinates was in a very narrow
range just below ;5000K° ‘Lock-in @iféuitry was used and the modulation

frequency ranged from 1440 through 9400 Hz.

B. Performance
1. Atomic Bean

Since the atomic beam intensity from & low pressure thermal
‘dissociation furnace is very limited, the source-to-interaction-region
distance vas made as small as practicable, 8 cm, in order to achieve high
atom density. Besides this limitation onlinteusityﬁthé"deuterium gtom ‘
beam presented several major difficuities. |

First, the molécular deuterium from which the D atoms were pro-

duced contained & 0.3% HD impurity. Although dissociation ran around 95%



the undissociated HD impurity could9 on non=reactive scattering from the H2
tarset, give a nodul&ted HD signal comparable with that expected from

HD formation in the reaction.

| A second problem caused by the D beam arose with its termination
in the third chamber. Residual gas analysis of the associated pressurc

T porr indicatéd'that a large fraction of it is due to

increase of 3 x 10
| HD moleculeso Presumably, at walls of the third ch&mber, the D atons

‘undergo surface reactions in which hydrogen is abstracted from adsorbed
gases°4 This background introduced a@vere shot noise in the detector when

modulated HD was being observed.
2. Molecular Beam and Fourth Chamber

-The H beam was contained within the double walled fomrth

chanber uhich vas suspended from the lid of the third chamber . The
nultichannel nozzle through which the H issued was attached thernally to
‘the liquid nitrogen cooled outer shroud of the fourth chamber 8o that. the

tenperature of the Hzibeam waq‘approximatgly 77 K. _A¢ditiona; collimgtion
| of-the,bgan was found to be necessary and wag provided by’aa,gperture in
’@he:liguié:heliﬁﬁ égqied p;ate shcvn_ig:Fiso 2. The very dense Hé'beam

' after traversing the inter@ction regiOnvwds removed through goﬁdensat;on
" on the oﬁpééité ;iqniq‘hélium cooied‘sﬁ:fécéo To evoid ﬁrobiéms with the-
fbrmatio@ of "hydrogen ice" and the éﬁbéeqnént reduction id‘stickipg '

probability for H_, & trap was constructgd to increase the effective surface

2

area of the collection region.  With this arrangement H, beams, which gave

2
. up to 10% a;tenugtién‘of'the D atom beam, could be used for ﬁp to six

hours with a pressure rise of no more than 5 x 107! Torr in the third chaiber.



- The fourth chamber and its liquid éitrogen—cooled shroud,
alsq had apertures, through whiéh the D beam entered pormal to the H2
beam direction, and lgrge in-plane slots for}bbservatioq of scattering.
For the reactive scattering measurements both beaﬁs vere 6 mm in'diameter
at the interaction region and the detectot could" observe scattering events :
. at angle differing from the. detector axis (which passed through the
‘target center) by as much as 3 - This angle was 1° for the non—reacﬁive
scaﬁtering results, where colliﬁation was tightened.

Becaﬁée the molecular beam source operated at low.tempe:atureA
and at high pfetsure (v 1 Torr), the ppssibiiity that_sdme clustering to
forﬁ molecula? pol&mers, (H2)n migh£ be'occur#ing in the expansion into
the vacuum required consideration; ' In a separate experiment using mo@ﬁ-
 lated beam mass spectrometry, dissociative ionization products from pro-

“-cesses guch as e + (H,), ~ H3+ +H+2eores (H),~ B + H + 2e vere

5
seen only to bé that for normally o¢curting HD in H . We regard the
experiment as indication that the cross beanm was effectively free of H2
clusters, otherwlse, the mass 3 signals would have been greater and

mass 5 signals.would have been observable.

3. Detector

Eithéfxreaction product, H or HD, could in principle be detected.
Experimentally it was found that the dc_babkground éf " signal was
very much greater than the mass 3 amu signal and coésequently the major
~effort was directed at observing product HD molecules. A significant
: reducﬁion-iﬁ the shot noise at mass 3 vas achieved by reducing the back-

..ground pressure in the ionizer. ‘The complete ionizer and quadrupdle rods
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iwere enclosed in a liquid nitrogen cooled titanium sublimatién pump

(200 liters/sec for H,). with only a suall aperture into the third chamber
through which the beam could be sampled. The background partial pressures
of HD and H, vere reduced to about two orders of-maghitude by this

2
arrangement, that of HD to better than 10”7 Torr and H. to better than

2

10-8 Torr. Under these conditions with an integratlng time of 100
seconds the HD signal=to-noise ratio vas gt best lo to l?, Reductlon in
the Ha background improved the signal-to-noise ratio when scatiered D
atoms were being detectedo

Extreme care had to be taken at all angles to ensure that all
modulated D atoms scattered on the H2 beam passgd cleanly through the
detection system; .Othefwise chemical reaction of the D atoms on surfaces
-'élose to the ibnizer could g;ve rise to reflected modulatgd HD molecules .

- which would be detected as a phase-sensitive signal indistinguishable from

reactive scattering.
IV. THE TECHNIQUE FOR MEASURING THE HD -PRODUCT VELOCITY

Begides measuring the amplitude of the ac signal the lock-in
amplifier was used to measure the signal phase: - The phase at which
the signal appears with réspect to the reference signal-allows the speed
of the neutral particles.to be determined from ﬁhe chopping frequencybf_and
the distance, L; travelled from the modulator to the ibn,izerol2 For a

monoenergetic beam velogif} U the phasé-shift % is given by

¢ = 2nfl/u (1)

In thé cage of sﬁuare vave modulated Maxwellian beams the phase '
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shifts as vell as $hé ahp;itude:reducﬁions’duéxtO'nga;ing as the faster
particles at one beam p@l&e Qvert&kebthe_slpwer paiticlés-of the preceding
pulse have been evaluatéd,l3i_ | |
When detg:nin;ng the megn:vélgc;ty of reactively scattered HD,
.it is_necéssary té téﬁe into &ccount'cgﬁtributioné to the recorded phase
shift allowing ro: the D-atom téavclling frén the chopper to the inter-
- action region (4.8 cm) and the HD from the interaction region to the |
dstector (lluﬁ em). wﬁen-the D atom signal in the primary beam is used
as a reference, thé difference in f£light times of D+ and HD¢ through the
mass filter must also be taken into account. |
?he HD sign&l itself would be the_superposition of four'signals
each ﬁith a diffe;ent phese corresponding to the differenﬁ Vglocities gf
the forvé;d and backwerd scattering comppngnts of both.elaéﬁically |
" scattered HD and :eaétion product HD. The tuned'narro#-band'lock-in

émplifier responds to the fundemental Fouriericomponent of the modulated

signal. Hence the HD signal would dbe _
" iene(t - Tma' S
I A e N (2)
n=sl :

c ei(2ﬂft -9) =

Vhere An is the amplitude of the n-th ¥elocity component and T, repre-
sents the flight time from the chopper to the detector. Upon algebraié

eliminstion of the amplitude, C, one can write

I .
L A_ sin 2nfx_
n n

‘ aml - | | B

z «An cos anftn
n=l

In‘tpe particular case ot:one of thé An"a being very much larger

‘than the others, the phase change ¢ will be proportional to the chdpping
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frequency f. Linearity of the phase angle with frequency is therefore
‘a test for the predominanée of Oné component. Deviations from%liqeérity
ihdicate the extent to which othef}velocity components contribute to the
Signal,
V. MEASUREMENTS - -
A. Angular p;gﬁripﬁtion of Reggtively Scattered HD

| Figure 3 shows ﬁhe angular distribution in laboratory coordinates
of the detected HD reactio@produét° The error bars represent 90% cénfi-
dence limits.for 8ix experiments on the relative signal as a function of
.laboratory angle. Ths absolute differential cross section units on the
ordinate.were assigned by methods discussed in Section VI% C. below. -

The D beam temperature was 2850°K and the modulatgon frequency
1hoo Hz. Signals are not shown atvangles legs than 15° from-@he primary
beam, where the scattered HD impurity in the D beam becomes_significantg

Four tests were applied to distinguish HD reacﬁ%on_producf and
non-react;vely scattered impurity HD. First, the change of HD signa; as
the furﬁﬁée temperature was:changedg'was noted; an increase with increasing
temperétqre indicatgd D atoﬁs reactihg; while a decrease indicated scatter-
ing of impﬁrity HD,.which becomes increasingly dissociated. Data are
reported only fbr those angular ranges where the signals increased with
increasing furnace temperature. |

Second, the #ngular_distribution of D atoms}and D2 moleéules;u?@&hh
_could'only have been non-reactively scaffered were compared with observed
‘ HD.A The observation fhat the HD anguigr distribution ﬁas markedly different

- from the distributions of the D and D indicated that the HD was not

2
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produced by non;reactive scattering or by HD formed in surface reactions
on detector collimating slits by scattered D atoms. |

Third, from consideration of the kinematics, including the cen-
troid éisfribution, the angular range over which the HD was detected was
+48° to —350, which is cdnsistent with reactive scattering but too
narrowufdf elastic scattering.

The fourth test is the most significant one. It involved
measuring the mean HD product velocity and considering the kinetics of

the reaction.
B. Mean Velocity of Scattered HD

The mean velocities of the HD molecules have been calculated
from the phase shifts recorded éxperimentallyo‘ These have been plotted
on a velocity vector diagram in Fig. 4, The modulation frequency (7200 Hz)
used f;r the measurements in this figure was a compromise between the high
frequency requifement for iarge, readily measurable phase shifts and the
low frequency requirement for minimum loss in signal amplitude due to
spreading and smearing of the pulses in the modulated beam. The observed
phase shifts, for'convenience, were measured with respect to the direct
D stom beam signal, and ran from about §O° at small angles down to 10°
at the largest laboratory'angle.

The dependence of the HD phase angle on frequency was investigated
from 1440 Hz to 9400 Hz and was found to be linear at all angles greater
than 15 degrees. ‘The scatter of points plﬁs the statistical uncertainty
in the measurements, ﬁould admit no more than a 10% contribution from

velocity components other than a main one.
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C. Angular Distribution of Scattered D Atoms
Figure 5 shows the recorded laboratory angular distribution
of scattered mass 2 particles over the angular range ¥° to 45°, measured

from the direction of the D atom beam. Since D and H, are indistinguish-~

2
able in the detector system, the mass é signal represents the sum of D
scattered by H2 and H2 scattered by4D°‘~The{ordinate of Fig. 5 is given
-in absolute cross section units assigned as discussed in Seétion VI. C.
below.

It is straightforward to show that if (1) two colliding particles
have the same mass, (2) the collisiog is elastic, and (3) avnumber density
‘detector is used, then the laboratory angular distribution of each of the
colliding species should be symmetrical about the direction of its beam.
On the assumption that the scattering cross section consists of an
isotropic "hard-sphere" component and a large forward scattéred component ,
it would be expected that the data shown in Fig. 5 would be symmetric
about the D beam direction. The observation that deviafibné from symmetry

did not exceed 10% over the specified angular range, indicates that the

apparatus was satisfactorily free of misalignments and asymmeiries.

VI. ANALYSIS AND DISCUSSION OF RESULTS
A. HD Product Average Velocity
When two beams with number densities ny and n, intersect at right

angles in a volume V, the total number of reactive collisions per second,

N, is given bylh
o 7/2

N=nnV f f va(v)I(v,¥)dvay - (&)
0 0

" where f is the relative velopity, o(v) is the total cross section for
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.reaction, I(t,?) is the normalized distribution of the relatiye velocity,'.
' vectors and'coordinete Y is the inclination of the relative velocity rector
to the n, beam. | |

| From Eq. (4) the host probable relatiye Vectot.velocity for-.
" reaction can be found if the dependence of the total cross section on
relative telocity is known. |

A cross section with simple functional formvis now considered°
- It is assumed that the excitation function is independent of orientation
and has a velocity dependence given by
- ro f - vhen v < v,

< 0

olv) = ¢ 2 | | - (5)

Llo(2 - —%?’) o " whenv > v
S e .

0'.
A:where Vo is the relative velocity‘corresponding to the activation eneréy
and ¢ ig & c@nstanto: This simple choice introduces no large bias»except
‘where noted elsewhere.lehis o(v) does‘oot differ greatly from.that found
in the H + H, semi-classical study vy Karplus fPorter and sharma6b;' |
For an activation energy of 0 33 eV, the most probable relative telocity:
" vector has coordinatea (9.8 x 105 cm/sec, B = h 5 92y,
' In Fig° h the experimental velocities are shcwn on & velocity _
| vector diagram constructed using these everage valuea and pexmittins no
_change in internal energy° The HD velocities recordea experimentally
.ﬁhave been shown to represent Jjust one ‘of the four poasible scattering
j-conponents and-as auch should £it onto at least part ofvaovappropri;te
g vclocity vector diagram. The.data fit-this diagram'and-n$Ve.beeo.shown
:‘to be incompatible with elastically scattered HD impurity,lz' Tﬁese data

!'and the angular distribution width in the laboratory system are also
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incompatible when endothermicities of reaction are assumed larger than
.05 eV (corresponding to changes of rotational energy quantum number

of about AJ = 3). Hence the HD Signgl'is again confirmed as a reaction
p:oduct and further if is principa;ly'back—Scattered in the center-of-
“mass system. The type of analYgia_ca:ried_éut above does not predict

the dependence of cross section on velocity but only tests a given model.

B. Center-of-Mass Angular Disfributidn
Of major interest is the determination of the differential reac-
tive scattering cross section in center-of—mass coordmates° This can be

related to signals observed in a crossed-beam experiment by a formalism that
15,16

3

is well knoﬁne For a detector with solid angle QD that uses electron
impact ionization (and therefore detects number density), the signal
obgserved in the plane of intersection éf the two beams at a laboratory

angle, B (measured from the direction:of the atomic beam) is

1T/2 @® . . ¥.( ) Q
_ dol{v.,0 i
S(B) = 2V f f vI(v,‘l’)dVd‘l’ ~an u(V,B,G,‘l’yJ(v’B'e"y)dﬂL
=0 v=0 QD.
(6)
where
J(v,8,0,¥) = EV(V AE '] Icos £l
and
2 2 2
cos § = — ;uuf .

where K is a constant containing fixed apparatus parameters,.and u and w
are the velocities df the_détected product (HD in this casg) measured in

laboratory and center-of-mass coordinates respectively. The effective
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or average differential cioss sectioﬁ in the center-of-mass coordinates,
%%-isvdependent»dn v and contgins the relative probébility of a produét
moving in a given direction after collision. Qi is fhe electron impact
ionization cross section of the detected product and the u in the denom-
inator>ref1ects.the_fAct that sensitivity of detection decreases with
velocity in laboratory coordinateé. The remaining térm in the solid
. angle integral, J;'is the usual Jacobian which déscribes the way infinites-
| imal solid'angles transform between the centef—éf—mgss and laboratory coor-
dinates systems for each point on the centér-of-mdss scattering circle of .
é_monoenergetic velocity diagram. It is noteworthy that the form of Eq.
(6) is appropriate to the assumptions that angular dispersion of the per-
pendicular beams hﬁs been neglected. |

.For simplicity of analysis it is also asspmed that the effective

differential cross section is separable'in its variables and that

B(a0) 2 g(vie(e) (1)

where f(0) is the norhalized angular distribution in center-of-mass
coordinates. Since o(v) expressed in Eq. (5) weighted with the kinetic
eneréy distributibn of reactants implies an average reaction energy in this
:experimenﬁ of ohé.ev and since this kinetic distribution has a width of
.1 eV (FWHM), Eq. (7).assumes that £(0) does not vary aﬁpreciable with v
throughout this range. i

| The expérimental résults on the.mean_ve;ocity of product HD (see
Fig. 4) suggest that in this gxperiment, the regctibn proceeds ﬁith

- effectively zero endothermicity, AE. If zero endothermicity is assumed,
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and Eﬁo (7) is inserted into Eq. (6), it cah'be.shovn that the solid
gngle integral in qu}(6) is independent of_# except for the factorable
term-v-lo(v); This inteéral with in-lc(y) removed and represented as
- A(B,Y), is determined once £(0) and ¥ ére specified. Equation (6)

.can then be written as

s(g) = KQ,n,n.V I a(vi)A(e,wi) (8)
all ¥ :
i
whére
, , &y -
s % ’ |
: a(vi) = jﬁ J‘ o{v)I(v,¥)dvay,
' : AY . _
: ¥, - — v=0
i 2

AY being the g;id size chosen for numerical integration, end

f £(0)3(8,0,,)
A(B,?i) = u(s,e,wi)_ dq, .

p

. The signals as a function of B have. been' evaluated numerically
using trial forms of £(0) in Eq. (8) with &¥ = .5°. Wnile the trial forms
of £(0) are arbitrary, the best fits of the experimental data were obtained

) usipg-

£(0) = cosN(M(180° - 0)), ]M(lao? -0) <9° " (9)
V = Q | , othervise.
Figure 6 shows a comparison of fhé experimental results with
thoselcomﬁutéd using Eqgs. (S); (8), ana (9). The noteworthy features
of this integfai are its invafiance with feépect to change in M in the
laboratory. region +5° to +2S° and its sensitivityfover the other r:egions°

The insensitive region is due to the function £(0) remaining relatively
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unchanged ofér the center—of4mass'regiqn ;700 to 1900 with respect
to changes iﬁ M, Furthérmore, the large_e;ror béré in this region make
it difficult ﬁo assign alunique form of £(8).

In Fig. T the most probable experimental differential cross
séétion, c032(1.35(180° - ©)) has been compared (after normalization at
1800).with that derived theoreticaily by Micha for D + H2(J = 1) reactive
scattering at an energy consistgnt with this‘experiment° Agreement is
very good from O = 180° to 1ho°; However, beyqnd this region, where
the'experimental distribution is extremely sensitive to the form of the
- scattering cross section, agreemenﬁ is poor. This result is liftle
changed vith the inclusion of Micha's J=0and J =2 H2 state soluﬁions
weighted to their estimated experimental abundance.

Calcu;ations by Karplus and Tang6 on the isotopic reactioh H+ H2
arevin broa& égéeement with the general features of thé above results,
namely, a strong backward peaking in the center-of-mass angular distribution
and a sharp fa;l o#f with angle in thé experimental energy range.

‘Figﬁre 8 shows a comparison of the present results with those of

Datz and Tayloro3

-The apparent laboratory symmetry of‘the Datz and}
Taylor results about 50 is difficult to understaﬁd when the asymmetfic
nature of the cenﬁer-of-mass to labofatory transformation is considered.
However, it is believed that the detector,colligatiqniof Datz and Tgylor
did not permit the detector to view the entire interaction volume whep

the detector was moved out of the D beame17

C. Calibration of Scattering Cross‘Sections
For absolute calibration of the reactive cross section, rather

than attempt to determine accurately the beam densities and the geometric
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factors which are contained in the constant K of Eq. (6), the following
procedure was used. |

Both the reactive HD and non-reactive scatte%ed D were monitored
under identical experimental conditions. If the absolute non-reactive
differential scattering cross section is‘known, then the ratio of signals,
after correction for ionization cross secfion-and velocity difference,
determines the absolute reactive differential cross section, since the
beam densities and apparatus parameters ﬁémain uachanged.

The first step is to consider the non-feactive scattering. There

is a published absolute value of 55 x 10-16 cm2 for the total scattering

cross section; ce, for H by.H2 18 at mean velocities comparable to those

_.Of the present experiment. In the present experiments, there is the compli-
cation that D sqattered by H2 and H2 scattered b& D are indistinguishable in
the mass spéctrémetric detector. In:order'to obtain absolute differ-

ential non-reactive scattering cross sections for calibration in the

Present experiments thélfollowing procedure was used.

It is assumed that the absolute differential scattering cross
section can be represented by doe/dﬂ = oeh(e), where h(6) is the normal-
ized angular distribution function in center-of-mass coordinates. Appli-
cation of Eq. (6) gives for the.non—réaétive scattering signal at the

laboratory angle, B, (B = 6/2)

8(8) = 4Kn n Voeq El(G)QD + h(180° - G)QH;I
= 4kn.n.Vo 8 (Q.) (n(®) + (Q. /q.)n(180° - 8) | (20)
172798 (S E_ “u,/ %

where K is the apparatus constant of Eq. (6), Q) and QH are the known

ionization cross sectioms for D and 52 respectively. Knowledge of h(0) is
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all that is required to determine Knlnzv. (The response of the electron

multiplier in the detector to D* and B, is assumed identical.)

2
The observed scattering signals (Fig. 5) makes it appear that

for 20° < B < b5° (40° < @ < 90°), n(0) is constant which suggest that
the scattering consists of a forwardly scattered peak plus an isotropic
hard-sphere scattering component. It is gﬁsumed that this is the case,
vhich is in accord with quantum méchanical studies of this and similar

19,6¢

systems » and that h(0) retains the same constant value at angles

e > 90°.
Subtraction of the assumed hard-sphere component indicates (see
Fig. 5) that in the fofward direction the cross section has the angular

dependence h(0) « o~ 7/3

. It is known from theory that for small-angle
deflections in a central force potential of the form V = -C/rS the
differential cross section is of the form

doe(e)'

« o=2(1 +1/8)
an 0 .

(11)

“Thg observed angular dependence is that expected for § = 65 and idenﬁifies

the scattering as being caused by a van der Waals force.
At very small angles (dependent on energy), quantum effects take
over and the differential scattering cross section loses its 7/3 power

dependence and becomes constant. The mean value of this cross—over angle

has been estimated as ec = 2°5°,20

It was thus assumed that h(6) had the form

n(e) = a(L + b 6~1/3) 180° > o > o

(12)

L =T/3, -
= a(l + b ec )‘ v 0 < 9 < ec
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This form was inserted into Eq. (10) -md £it to the shape of the experi-
mental date given in Fig. 5, thus determining the constant b v Eq. (12),
sbove., Integration over all mglea, O, and normalizing to unity deter-
‘mined the constamt ®&. Knowledge of the totel cross section for sc;i_;tgring,;
of ¥y i, 18 then immedistely gave the absolute differential 'scstiei-in;_
cress section, which upom reinsertios imto bracket ters .in Eq; (10) gave
the absolute eress section calibration shown in Fig. 5. It is impertemt
to nete that the absolute value scale s0 obtained is not the ixue t_otu.i
crou‘ sectisms for the scattering of both particles but the absolute
értective cress section when using an electron-inpﬁct ienization detector.

Calibration of the regétive scattering cross section becomes possible
upoa determination of the apparatus constants, KnlnavnD, through the use of
Eq. (10). In prastice, the procedure was to measure the ratio of the
reactiea product sigm.l and the scettered mass 2 signal, without explicit
svaluation of the app&rn.tua constants.

The differentisl reactive scattering cross section obtained

undsr the wsmptions made is given by

2
. v
2%)' = (1.5 £ 3.80207 (1 - 25 ) cos® 1.35(280° - @), (v 2 v_)em®/sr
Y
s 0 . ' ' s ¥ € v (33)
- .
and v
(395¢l8)x1016(l —°-§=) » V2V, A
o(v) = | Y (14)

0 s ¥ LV
. o
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Théfspecifigd uncettainty reflects only repestabil;ty of the ratio of
reﬁctive HD to mesgs 2 signals.: The calibrated laboratory differential
‘scattering cross-section'is,shovn in Fig. 3.

The rate constant cofreigonding to this cross section is 1.2 #+
:0;6 x 1074 en?/seco This bulk rate is calédlated bysinserfing Eq. (14)
into Eq. (15) and using theieffective kinetic temperature for the present

experiment, T, = 1400°K.

k() = [ otwlvelviay (15)
‘where
£(v) = 3-03/2v2§-“v a = E%E- ,
] : B

" and u is the reduced mass of the reactants.,

Extrapolation of the lower temperature rate constant measurements
94

" present experiments gives a value of 5.6 x 10-12 cm3/sec° Considering

- of LeRoy, Ridley and Quickert” ; to the effective temperature in the
the inherent uncertainties in the simple model used in discussion the

present expeéimental results and the uncertainties of extrapolating the
‘lower temperature data'tovthe effective temperature of the crossed beam
"~ experiment, the discrepancy between the two rate coeffiqient values is

- remarksbly small.
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VI. CONCLUSION

The exnerinentel reactive differentiei cross section for D+ H2
unquestionably,verifies microseopic theoretical predictions that near
tnreshold, reactively formed HD receeds from the collision with an
anisotropic center-of-mass distribution thaﬁ peaks roughly 180 degrees .
fron the general direction of the axtacking'D atom. This angular distri-
bution coupled with HD recoil velocity meaeniements which indicates

that the D;H-H :eaeting,configuration ie.sndrf lived compared to rota-
tional times also eonfirms that the HD prefers to leave the collision vith‘
. little or no internai energy° The estimate of the total reactive cross
'seetion‘is-in satisfactory agreement wiﬁh;extrapolated bulk rate data and
Aisiconsistent with semi-classical p:ediction;.

Detailed companison of the experimental end theoretical differenf'
tial Cross sectlons 1nd1cates dlsagreement over the width of the HD |
angular distribution in the center-of-massn This disagreement is not

:surprising considering the rather shOrt period of time that theory and
experiment have had to interact concerning mlcroscoplc details. Certainly
we ghould look forward to the publicat on of more theoretical studies
and to the data of more refined hydrogen reaction experiments before

attempting to accurately assess the degree of theoretical understanding

for this fundamental reaction°.
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FIGURE CAPTIONS

-Velocity vector diagram for HD formed in the reaction D + H_, +

HD + H and for scattering of undissociated HD impurity in the
D atom beam.

Schematic for the crossed beam experiment.

Angular distribution of reactively scattered HD.

"~ Velocity vector diagram showing the measured HD velocities.

Also shown is the predicted elastically scattered HD impurity
velocities.

Angular distribution of the sum of the elastic scattering of D
on H, and H, on D,

2 2 .
Comparison of the experimental data with the calculated laboratory
distribution for a C. M. angular distribution of the form cos
M(180° - 9).

Comparison of the experimental'c M. Angular distribution with
theory. Distributions considered in the experimental analysis

are of the functional form cosN M(180° - 9),

Comparison of the present experlmental results with those of
Datz and T&ylor° S
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