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ABSTRACT

‘ A hew measuremeht of the differéntial cross sections for He(ZSS)+Ar
- has been carried out at 65 and 132 meV. A potential Vy-iv, is found which
fits our data as well as the total ionization cross section results of
Illenberger and Niehaus. Some sources of uncertainties 1nherent in our -
ana1y51s are discussed. The first order semiclassical approx1mat10n which
~ has been employed by several groups, is critically examined. A gu1de11ne is
proposed to define the region within which this approach can.be safely |
adopted.> ' | ’



INTRODUCTION -

The -phenomenon of Penning ionization is currently commanding a
great dea1 of research effort. Much data has been compiled for systems
ranging from the rare gas atoms to simple molecules, The interaction be-
tween He(2 b)+Ar has establlshed itself as one of the prototype systems
for this important physical process, The reader is referred to ref. 1 for
a recent review in this area.

Total and differential cross section measurements, Penning electron
energy. dlstrlbutlons, as well as theoretical calculations have all been
carried out for He(2 S)+Ar.2 >»10 Essentially, three quantities are
needed to give a complete description of this ihelastic collision process,
they are (a) VO, the interaction potential between the metastable hellum
and ground state argon, (b) V. ‘the imaginary part of ‘the potential which
accounts_for the ionization, and (c) the ionic potential, vV,, for HeAr .
All three are susceptible to experimental investigation: the first two
from total and differential éroSs section data, and the third, given a
particular VO and Vi’ can be inferred from.the energy distribution of
Penning electrons and the ratio of Penning to associative ionization.
This paper is primarily addressed to vy and Vi‘ It is fair to remark
that, despite much determination, none of the candidates for'VO—iVi
advanced thus far concurs with all the available information. For ex-
ample, Illenberger and Niehaus2 as well as Pesnelle, Watel and Manuss'
‘have, using the potential proposed by Olson, derived a Vi which yielded
fairly good agreement with their measured energy dependence of total
ionization cross éection HoWever, the differential cross section cal-
culated from Olson's V0 and their respective Vi failed to be compatible
with experimental results. It should be p01nted out that the very re-
cent calculations by Hickman and Morgner11 have resulted in a Morse
0 The wellvfor this potential was believed to be accurate,
but there were some uncertainties as to the steepness of the wall.

Our group has prev1ously performed d1fferent1al cross sectlon.mea-
surement for this system He(Z S)+Ar is in many ways very suited to
beam studies as ionization is known to take place at very small impact
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parameters, Thus only the large angle region of the differential cross
section is affected, enablihg_one to extract in the conventional manner
~the real part of the potential around and outside of the well region |
from the measurements at small angles. Having obtained the real part,
one proceeds to repreéent the imaginary part of the potential by a suit-
~ able functional form whose parameters are then ad]usted to fit the large
rangle data.

The experimental results we reported earller however had sizable
uncertainties at 1arge angles. They also showed an anomalous d1p at
around 60° (lab.'frame), which among other difficulties, defied a good
theoretical explanatioh._For this reaeon, we héve undertaken the same
measurement again, this time exercising greater perSeverance in cutting
down the uncertainties. To our great satisfaction, the dip went away;

We have scanned the differential cross section ét two‘coliision energies,
65 meV and 132 meV. The potential we propose this time reproduces very
well the total ionization cross section data of Illenberger and Niehaus,
and is also substantlally in harmony with the recent more detalled study
by Haberland and Schmidt.’ »
| In our analysis of the data, we used a semiclassical approximation
to calculate the real and imaginary parts of the phase shifts. While this -
approach was adopted in most previously reported works, we recognize that
its validity rests on the assumption that the imaginary part of the po-
tential V acts as a perturbatlon on the real part, V0 That is V << V0
It is therefore important to determine the maximum bound for V below
which this approx1mat10n holds. To this end, we have varied our best fit
Vi by a few orders of magnitude to observe changes in the calculated
differential cross sections. The corresponding quantum mechanical cal-

-culations were also performed for comparison.

EXPERIMENTAL

The molecular beam apparatus used in our experiment has been
described - ‘elsewhere. v

The metastable He is produced by crossing a supersonic He beam
with:an electron beam perpendicular to it. The electrons were emitted



by a tungsten filament, and accelerated through a potentiél of 250 V.
The resulting emission current was typically 60 mA.

Since the electron excitation generated both He[ 2 S] and HC(Z 5),
a helical pyTex He resonance lamp was ‘used to quench away the He( S).
The lamp was cooled with running water, and was operated at 2000 V.
. After collimation through a set of defining slits, the He(Z’ 5) beam,
with about 1° FWHM, registered an intensity of ~1010_atoms/sec as col-
lected by a Be-Cu Faraday cup. The velocity spread, of the metastable
beam was 6%-8% FWHM. o B '

Likewise, the Ar beam was produced by a supersonic expanSion at
room temperature. Its FWHM angular and Veiocity Spread were 2° and
6%-8% respectlvely ' : o

The colllslon energy was varied by changing the nozzle temperature
'of the He beam. The pressure behind the nozzle for each reactant gas -
was adJusted to optimize the signal to noise at 20° (lab). The counting
time for each angle was chosen to give maximal statistical reproduéibility
of the signal, it was generally set at 45 sec.

Thé data reported here are the average of 8 scans at 65vméV and

3 scans at 132 meV.

. ANALYSIS
The measured dlfferentlal Cross sections for He (2 S)+Ar at 65 meV

and 132 meV are_shown in Fig. 1. A MMSV potential was used to fit the
‘data: ' '

£(x) = expl-28, (x-1)] - 2 exp [ -8, (x-1)] Xy < x<1
Cf(x) = expl-28,(x-1)] - 2 exp I -8, (x-1)] o 1<x=x,
X)) = b + (x- xz) {by + - (x- x3) [b + (x- xz) b4] X< x<3x
p(x) = - CeX -6 C8x -8 , ‘ , x3<x<oo
where |
f(x) = YSQ; X,=;L; ¢ = E'nn . : ' (1)
' : m r

The potential parameters are tabulated in Table 1. C6 and C8 con-
stants are taken from recent calculations performed by Proctor and



Stwalley.’ The MMSV potential we obtained is plotted in Fig, 2, with
-the dotted portlon of the curve 1nd1cat1ng the reg1on not accessed in

our experlment :
Other potential forms, such as a smple MSV, and the analytic

potential proposed by Olson5 3,2 yere also tried. They however failed
- to yield very good agreement w1th the small angle data, Fig. 3. As we
shall see later, d1screpanc1es in this region cannot be compensated for
by adjusting the imaginary part of the potential. _ ’
A In the framework of se_mlclassmal analysis, Vi’ the complex com-
ponent of the optical potential, plays no role in the trajectory of the
particle which is solely controlled by V., the real part of the po-
tential. This follows directly from the assumption that Vy>>V;, thus
the semiclassical complex phase Shlft (for a potential V 1V ), namely,
=g tig |

.o+ {® (£+1)2!5 ,
- h-1_f | [{zu (E-V), - _27_.?_} - kJ dz»- kZ,

Zc
L otpTeew |
v Zc = complex classical turning point _
V= ViV | S @

0
can be expa.nded as a perturbat1on series, only the first term of which

. is retamed giving
2]

g= nt ./[{Zu (EVp) - Q—z—)} k} ar-da +z T+ Y

T
C
0o_ .- 3 V. d |
oy = hlc%uﬁ] d - ©
2urs

Wh11e this MMSV potential has about the same well depth as compared to the
MSV potential previously reported by our group,4 the location of its minimum

has been shifted out. The slope of its repulsive wall is also less steép than
before It should be mentloned) that the very recent calculation by Nakamura on

He(Z S)+Ar Was based on our old MSV potential.



In this way, Vi serves only to characterize that confined region in

which reaction can take place, and it is Vb which determines how long

the collision pair spends under the influence of’V Therefore, V

given as a functlon of interatomic distance, represents the extent of
coupling between the discrete electronic state He -Ar and the He + Ar +e’
continuum. The coupling is expected to become stronger at shorter inter-
atomic distances; in fact, an exponential behav1or is generally considered

as approprlate8 12

In our previous report, the problem of parametrlzlng V was bypassed
all together by parametrizing instead the opacity function wh1ch is re-’

lated to Vi via

o
1]

o =1 - eXp(-4c£) ‘

| T e
ST e / (W))
) T

t

where Vﬁ(r) is the}radial'velocity of the~system moving in an effective

- potential Veff(r)f

. - 2
: 2 L _ = [h7(2+])
- (%) Vo(®) = E-Vepe(r) = E (—;;jz“ * Vo(r)) )

E is the collision energy, V (r) is the real part of the potential,

L ‘is the classical turnlng p01nt satisfying the cond1t10n

U2y = 0 = '
(7) Volry) =0 =E-Vege

, While the opacity function is a ﬁere direct_computational means to-
" fit the data, its principle disadvantage lies in that the Pﬁ thus ob-
‘tained seldom transcends in its application beyond the particular set of
'experimental data under consideration. On the other hand, general fea- -

tures in the‘optical potential can be more easily extended to understand
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new data and to make predictions about other similar dynamical processes.
We have therefore directed our pursuit towards finding the best Vi rather
than PQ. The parametric form for the optical potential we adopted was:

V. (r) = eXp( -B(x- RO)) ‘ '_ o (6)-

, Of course, we recognize that the simple exponentlal form need not
hold for very small r. For example, the calculations by Miller et al.for
" the system He(2S) +H y1elded a V which levels off as r~+0. 8 |

Taklng our best fit V (r) and V. (r), we have calculated the total
inelastic cross section as a function of relat1ve veloc1ty
-2

o. = gk )3(22+1)P . B (7

inel

The values we obtained are compared with the experlmental results of °

Illenberger and N1ehaus in Fig. 4
DISCUSSION

A. Sources of Uncertainty _
In fitting the data, we assumed that the real and nnaglnary com-
ponents of the potential can be 1ndependently determined. This however
" is not strictly true if the available information is confined to only
the differential'cross section data. Specifically, there exists a trade-
off relat10nsh1p between the slope of the repuls1ve wall of Vo determlned
by B in Eq (1), and the imaginary potential V Thus one can have
d1fferent ‘combinations of 81 and V ‘all y1eld1ng the same fit to the
differential cross sectlon measured from 0° to 90° (lab ). However, if
total ionization cross section measurements are made, especially as a
~ function of kinetic energy, this ambiguity is removed. This is made ap-
parent in Fig. 5 in which we show two such comb1nat1ons of Bl and V
We note while there is virtually no discernable dlfference in the
calculated differential cross sections, the total cross section valuesv
obtained from them exhibit a marked dissimilarity. |
In addition to the aforementioned indistinctness in the contri-
butions of By and Vi’ Vi(r) itself is the source of‘yet another



~ambiguity, When Vi is changed to compensaté for vsl so that'the cal-
culated cross section remains the same, this can be accomplished in
two ways, (a)’Vi(r) is unifdrmly increased or decreased by changing
R0 only; (b) the coefficient B in Vi is changed while keeping RO the
same. The differential cross section measured at one kinetic energy is
unable to.distinguish which épproach is more valid or realistic. Again,
it is only by considering how these two different Vi‘s are reflected on
- the energy dependence of the total ionization cross section, one is able.
to secure the desirable confidence in a particularnVi. Of course, if
differential cross section measurements are carried out over a wide range
of energies, and if the oscillations at small angles are resolved for at
least one energy (generally at low energy), then one can fairly uniquely
determine both parts of the potential by imposing the principle of self-
consistency'without the need for total cross section data. This however
is seldom realizable in practice. It is very difficult to get differential
cross section information for the same broad range of energies as is
roufinely accomplished in total cross section measurements. The two
sources of data therefore go hand in hand in establishing the most accu-
rate potential. y

Another assumption inherent 1n our analysis is that V (r) is in-
dependent of the collision energy. ¥ Thus we took for granted ‘that the
same optical potential should fit our data at 132 meV and 65 meV. Vi
might have a weak and well-behaved energy dependence. We observed, for
example, that the high energy data (132 meV) seemed to prefer a smaller
Vi from tnat‘Obtained‘at 65 meV. Also, with respect to the total ioniza-
tion cross section, one can certainly fit more easily the data of
I1lenberger and Neihaus iva were made to decrease weakly as a function
of energy, However, given the uncertainties in our hlgh energy data, and
the fact that we did not go high enough in energy, we cannot be very con-
c1u51ve about this p01nt Work is currently underway to see if this is

more promlnently demonstrated in other systems.
%

This assumption should be quite reasonable 1n.the energy range experlments
_ have been performed. ,
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B. Validity of Semiclassical Approach

We have performed calculations to investigate the validity of the
_expressions:(S) for the phase shift. Roberts and Rbésg have already
- shown that, to a good approximation,'the imaginary part of the phase
shift can be calculated from Eq.(B)for'a Lennard Jones or an éxponentialv
potential for a wide range of magnitudes of Vi' We found this to be the
case with our MMSV potential also. However, significant deviation from
the simple formula Eq. (3) for the real part of the phase shift was ob-
served as V was increased. ThlS dev1at10n caused a large error in the
d1fferent1a1 elastic scattering cross sectlon calculated from these
phase shifts. ' o ‘

Formula (3) is based on the assumption that the real part of the
phase shift does not change as the imaginary part of the potential is .
'turned on'. We have investigatéd this assumption by comparing phase |
shifts calculated quantum mechanically for the potentials V0 and VO—iVi.
We found a fairly simple relationship between the change in the real
part of the phase shift and the magnitude of the opacity, Eq. (4). This
relatioﬁ, shown graphically‘in Fig. 6, is nearly independent of the size
of V or the partial wave number. Thus if {Ez} is the set of exact phase
ShlftS for V, and {£2+1c2} those for Vy-ivy, we have plotted |£,- 5 | vs.
(1- e4€2) (Note: Ty ® cz) Flgure 6 shows that as long as the opac1ty is smaller
than about 0.9, the absolute error in ggls:falrly small.

gz, however, is not a measurable quantity. In a practical calcula-
tion one normally. calculates the differential cross sectlon using the

'standard formula

o : 21[5 -ig,)

d L L _

a-g- - 'E (20+1) ‘[1 e 1 P (cose) | (8
The overall_reliability»of Eq. (3) must be assessed by comparing the
~exact (do/de) (above) with that calculated using EZ + igz. This is
shown in Fig. 7. Using the best fit V the quantum-mechanical and the
approx1mate semiclassical results are essentlally the same at 65 MeV.

However, if Vi is increased by a factor of 5, the approximate semi-



classical analysis. breaks down. Quantum mechanically, it is seen that
as'Vi is increased, only the large angle (do/de) is.affected; (do/de) -
at small angles remains essentially unchanged. This is in accord with

- physical intuition. ' |

~© When may Eq. (3) be safely employed? Although‘we know of no precise
Ccriteria, the follow1ng observations. seem pertinent. For our optlcal

Vi OPT, all the opacities P "s have values < 0. 7 For 5 ViopT, on the
other hand, a sizable number of the partial waves with non-vanishing
PQFs ‘have opacities exceeding 0.95. In fact, there-are some 26 &'s, out
of a total of 56 significant partial waves (witthz > 0.01), for which
there is approximately unit probability for ionization. Referring to
Fig. (5a), we see that 5 ViOPT corresponds to a case where the magnitude
of the imaginary'part of the potential at the classical turning point
_ becones comparable to that ofIVO, the real part of the potential. Under
such circumstances, one does not expect the first order semiclassical ap-
proximation for the real part of the phase shifts to be reliable. If

V0 is predominently repulsive, a safe rule of thumb would be to carry
out calculatlons for the desired Vi and also for twice that V The

" two ( a-) s should be almost 1dent1cal at small angles and only differ
at large angles If. ( a—-) changes significantly for small angles,

Eq. (3) should not be used.

CONCLUSIONS . | |

It is found that at low enetgies, for a given VO,.the total ioniza;
tion cross section is much less sensitive to a particular-Vi than at
higher energies. Since the high energy data play such a vital role in
determining Vi’ it is important that there is no controversy in the mee—
surements by different groups. This unfortunately is not the case.
Pesnelll et al. and Illenberger and Niehaus have both 1nvest1gated the
energy dependence of the: total ionization cross section. While their
results»agree at low energies, this Congenlal1ty_falls to Carry through
t0 higher energies Where radicallyvdifferent behaviors are obserVed by
- the two groups. We are decidedly biased in favoring Illenberger's data,
which happen to agree with our own calculations. It would be moSt bene-

ficial if another total ionization cross section measurement is made to-

arrest the existing‘uncertainty.‘
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Other experiments"whiCh would lend additional confidence to our
proposed V 1V should involve differential cross section measurements »
at many more dlfferent energies than what we have done. Higher velocities
should be attempted, for as the collision energy goes up, the repu151ve
wall which the'partiCle'samples essentially rises infinitely faet, SO
that the claSsical turningﬂpoint becomes fairly constant, and one ought
then be able to observe the effect of V more vividly. It is only in this
way can one establish how V behaves at small 1nteratom1c dlstances
VO, on the other hand, is more keenly reflected in the differential cross
section as the colllslon‘energy goes down. At low energies (such as that
achieved by maintaining one of the beams at liquid nitrogen temperature)Q
the oscillations at small angles can be more readily resolved, and they ;
help to determine the interaction potential V0 more.pfecisely. _

Up until now, theoretical effort on the He(238)+Ar system has de-
pended on model forms of the potentials V0 and Vi’ chosen to reproduce -
experimental results. Hickman and Morgner11 have shown that once these
curves are assumed, the quantum mechanical theory of Miller may be easily
implemented. The development of a workable and efficient procedure for
theoretlcallgfcalculatlng\Q)and\/ is the only remaining obstacle to a
more comprehensive understanding of Penning ionization from first
principle. Present theoretical work is be1ng directed along these llnes
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FIGURE CAPTIONS

Fig. la. Laboratory angular distribution of elastically scattered N
He(ZBS) from Ar at 65 meV. Solid curve is the calculated dif-
ferential cross section u51ng the optical potent1a1 obtalned 1n
this work. .

Fig. 1b Laboratory angular dlstrlbutlon of elastlcally scattered
He(Z S) from Ar at 132 meV. Solid line in the calculated theof
retical curve. ‘ S . '

~ Fig. 2. MMSV potential derived in this work, 5011d 11ne Dash-dot curve

depicts the imaginary part of the optical potential. Dashed

curve is the V0 proposed by~Olsen.5 V

- Fig. 3 Comparison of the calculated differential cross sections . |

u51ng the optical potent1a1 derived in thlS work (solid 11ne),

- and the analytic potential proposed by Olsen5 with Illenberger rs?.
coupling function (dashed line). S

Fig. 4 Comparison of our calculated total ionization cross section as

‘ a function of relative velocity with Illenberger and Niehaus2
experimental data (A).
Fig. 5a. The experimental differential cross section at 65 meV indis-
| criminately admits the two optical potentials above which are
“different only in the 'slope of their repulsive wall and their
' respectlve imaginary component. Solid line corresponds to the case
of B = 5.2, VOPT —5 2934(R-3. 55), dashed curves correspond
. to '81 = 4.5 and V =g 0 2934(R 3. 35). Dashedckﬂ:curvedenotes SVOPT.
Fig. 5b. The theoretlcal total ionization cross section vs. velocity u51ng
 the two sets of {81 in Fig. 5a. The 5011d line is that of
Bl = 5.2, V =4 55) and is in good agreement with
the data of Illenberger and Nlehaus,2 whereas the dashed curve is
calculated from 81'- 4.5, V =9 3¢ 2934 (R 3 35)

Flg. 6. Phase shifts ¢£0 are computed for the votential V0 and com-
‘pared with phase shifts g+iz for the cases of V —1VOPT

V -1(10vi OPT) and V 1(100VOPT) The phase ShlftS are computed

quantum mechaniCally by numerical integration (Numerov algorithm).

30kt (R-3.
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The Calculations were done for several partial waves. We have
plotted AE = [£,- £,°| vs. the opacity, which is (1-exp(-4%)).
For the first order semiclassical approximation, one assumes
AE = 0. : : - } N .
Fig. 7. Célculatedvdifferential CTOSS seétions;'obtéined by assuming a
| sharper resolution function for the detector; for the cases of .
ViOPT and 5 ViOPT. The curve for Vi%! is essentially identical to
that obtained via a full quantum mechanical treatment. The curves

for 5 ViOPT are displaced to aid comparison.
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Table 1, MMSV potential parameters

€ (kcal/mole) 0.1

T (4) | - o 5.5 
B ) 5.2
8, 5.7
Cq (kcal/mole &%) - 3048
Cg (keal/mole A%), . 63678
by o
b, 1119
b, -2.755
b, 1.984
X, 0
X, 1.12
X 1.75

(9]
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