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ABSTRACT 

A new measurement of the differential cross sections for He(23S)+Ar 

has been carried out at 65 and 132 meV. A pqtential v0-iVi is found which 

fits our data as well as the total ionization cross section results of 

Illenberger and Niehaus. Some sources of uncertainties inherent in our · 

analysis. are discussed. The first order semiclassical approximation, which 

has been employ~d by several groups, is. critically examined. A guideline is 

proposed to define the region within which this approach can be safely 

adopted. 
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INTRODUCfiON 

The-phenomenon of Penning ionization is currently commanding a 

great deal of research effort. Much data has been compiled for systems 

ranging frrnn the rare gas atrnns to simple molecules, The interaction be­

tween He(23S)+Ar has established 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 distributions, as well as theoretical calculations have all been 

carried out for He(z3s)+Ar.Z-S,lO Essentially, three quantities are 

needed to give a complete description of this inelastic collision process, 

they are (a) v0, the interaction potential between the metastable helium 

and grotind state argon, (b) Vi, the imaginary part of·the potential which 

accounts for the ionization, and (c) the ionic potential, V+, for HeAr+. · 

All three are susceptible to experimental investigation: the first two 

from total and differential cross section data, and the third, given a 

particular v0 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 v0 and Vi. It is fair to remark 

that, despite much determination, none of the candidates for v0-ivi 

advanced thus far concurs with all the available information. For ex­

ample, Illenberger and Niehaus2 as well as Pesnelle, Watel and Manus3 · 

have, using the potential proposed by Olson, derived a v. which yielded 
' ' l 

fairly good kgreement with their measured energy dependence of total 

ionization cross section. 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 pointed out that the very re­

cent calculations by Hickman and Morgner11 have resulted in a Morse 

fotrn for v0. The well for this potential was believed to be accurate, 

but there were some uncertainties as to the steepness .of the wall. 

Our group has previously performed differential cross section mea­

surement for this system. 4 He(23S)+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, enabling 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 represent the imaginary part of the potential by a suit­

able functional form whose parameters are then adjusted to fit the large 

angle data. 

The experimental results we reported earlier however had sizable 

uncertainties at large angles. They also showed an anomalous dip at 

around 60° (lab. frame), which among other difficulties, defied a good 

theoretical explanation. For this reason, we have 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 scannedthe differential cross section at two collision 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, 2 

and is also substantially in harmony with the recent more detailed study 

by Haberland and Schmidt. 2 

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 Vi acts as a perturbation on the real part, v0. That is Vi« V 0. 
It is therefore important to determine the maximum bound for Vi below 

which this approximation 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. 4 

The metastable He is produced by crossing a supersonic He beam 

with an electron beam perpendicular to it. The electrons were.emitted 
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by a tungsten filament, and accelerated through a potential of 250 V. 

The resulting emission current'was typically 60 rnA. 
Since the electron excitation generated both He[2

1
SJ and He(23S), 

a helical pyrex He resonance lamp was'used to quench away the He(1S). 

The lamp was cooled with running water, and was operated at 2000 V. 

After collimation through a·set of defini~ slits, the He(2
3
S) 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. 

-Likewise, the Ar beam was produced by a supersonic expansion at 

room temperature. Its FWHM angular and velocity spread were 2° and 

6%-8% respectively. 

The collision 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 chos'en to give maximal stat is tical reproducibility 

of .the signal, it was generally set at 45 sec. 

The data reported here are the average of 8 scans at 65 meV and 
3 scans at 132 meV. 

ANALYSIS 

The measured differential cross sections for He(23S)+Ar at 65 meV 

and 132 meV are shown in Fig. 1. A MMSV potential was used to fit the 

data: 

where 

f(x) = exp[-2~\ (x-1)] - 2 exp [ -81 (x-1)] 

f(x) '= exp[-2f32(x-l)J - 2 exp [ -f32(x-1)1 

f (x) = b1 + (x-x2) {b2 + (x-x3) [ b3 + (x-x2) b 41 
p(x) = - c x-6 - c x-8 

6 8 

-- V(r)­f(x) r 
X=­

r m 
c = 

c n 
n e: n 

rm 

x
1

< x~l 

1 < X~x2 
x2< ~ x3 
x3 < x~oo 

(1) 

The potential parameters are tabulated in Table 1. c
6 

and c
8 

con~ 

stants are taken from recent calculations performed by Pro~tor and 
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Stwalley. 7 The MvfSV potential we obtained is plotted in Fig. 2, with 

the dotted portion of the curve indicating the region not accessed i.rt 
. . * our experll!lent. 

Other potential forms, such as a simple MSV, and the analytic 

potential proposed by Olson5 ' 3 ' 2 were also tried. They however failed 

to yield very good agreement with the small angle data, Fig. 3. As we 

shall see later, discrepancies in this region cannot be compensated for 

by adjusting the imaginary part of the potential. 

In the framework of semiclassical analysis, V. , the complex cam-
. 1 

ponent of the optical potential, plays no role in the trajectory of the 

particle which is solely controlled by v
0

, the real part of the po­

tential. This follows directly from the assunption that V 0 >>Vi, thus 

the semiclassical complex phase shift (for a potential v
0
-iv.), namely, 

. 1 

n1 = ~R. + i r,;1 

+ t . 1T (R. + ~) 

Zc = complex classical turning point 

V = v0-iVi 

can be expanded as a perturbation series, 

is retained, giving 

t~ = h-1 1 [ {z~ (E-Vol -

c 

v. dr 

{2) 

only the first term of which 

1T (R. + ~) 

(3) 

While this l\fv1SV potential· has about the same well depth as compared to the 
M5V potential previously reported by our group, 4 the location of its rnininu.nn 
has been shifted out. The_slope of its repulsive wall is als~ less steep than 
before. It should be rnent10ned that the very recent calculatiOn by Nakamura on 
He(23S)+Ar was based on our old MSV potentia1.13 . 
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In this way, v. serves only to characterize that confined region 1n 
l 

which reaction can take place, and it is v0 which detennines how long 

the collision pair spends under the influence of V. . Therefore, V. , 
l 1 

given as a function 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 became stronger at shorter inter­

atomic distances; in fact, an exponential behavior is generally considered 

as appropriate .8 ' 12 

In our previous report, 

all together by parametrizing 

lated to V. via 

the problem of parametrizing v. was bypassed 
1 

instead the opacity function which is re-

. l 

Pt = 1 - exp(-4r,;t)' · 

= 1 - exp 1 
rt 

(
v. (r) \ 

4 h~t (r)jdr 

where v t (r) is the radial velocity of the system moving in an effective 

potential veff(r), 

(1) vi(r) = E -veff(r) =E- (hz~~~;l) + v0(r)) (5) 

E is the collision energy, v0(r) is the real part of the potential, 

rt is the classical turning point satisfying the condition 

(]1) 2 . - v (r) = o = E -v . 2 t t eff 

While the opacity function is a more direct computational means. to. 

fit the data, its principle disadvantage lies in that the PQ, thus ob­

·tairted 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 canbe 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 V. rather 
1 

than P.R-. The parametric form for the optical potential we adopted was: 

(6) 

Of course, we recognize that the si.inple exponential form need not 

hold for very small r. For example, the calculations by Miller et al.for 

the system He(2S) +H yielded a V. which levels off as r+ 0. 8 
. . . 1 

Taking our best fit v0(r) and Vi (r), we have calculated the total 
inelastic cross section as a function of relative velocity. 

-2 a. = rrk mel r (2£+1)P£ . 
.R, . 

(7) 

The values we obtained are compared with the experimental results of · 

Illenberger and Niehaus in Fig. 4. 

DISCUSSION 

A. Sources of Uncertainty 

In fitting the data, we assumed that the real and imaginary com­

ponents of the potential can be independently 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 relationship between the slope of the repulsive wall of v0 detennined 

by 81 in Eq. (1), and the imaginary potential Vi. Thus one can have 
different combinations of 81 and Vi all yielding the same fit to the 
differential cross section 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 combinations of 81 and Vi. 
We note while there is virtually no discernable difference in the 

calculated differential cross sections, the total cross section values 

obtained from them exhibit a marked dissimilarity. 

In addition to the aforementioned indistinctness in the contri­

butions of 81 and Vi' Vi(r) itself is the source of yet another 
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ambiguity. When vi 1S changed to compensate for sl so that the cal­

culated cross section remains the same, this can be accomplished in 

two ways. (a) v. (r) is uniformly increased or decreased by changing 
1 

R0 only; (b) the coefficient B in Vi is changed while keeping R0 the 

same, The differential cross section measured at one kinetic energy is 

unable to distinguish which approach is more valid or realistic. Again, 

it is only by considering how these two different V. 's are reflected on 
1 

the energy dependence of the total ionization cross section, one is able 

to secure the desirable confidence in a particular V .. Of course, if 
. 1 

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 

deterrnine'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 

routinely accomplished in total cross section measurements. The two 

soutces of data therefore go hand in hand in establishing the most accu­

rate potential. 

Another assumption inherent in our analysis is that V.(r) is in-* 1 . 
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. V. 
1 

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 that .obtained at 65 meV. Also, with respect to the total ioniza­

tion cross section, one can certainly fit more easily the data of 

Illenberger and Neihaus if V. were made to decrease weakly as a function 
1 . 

of energy. However, given the uncertainties in our high energy data, and 

the fact that we did not go high enough in energy, we cannot be very con­

clusive about this point. Work is currently underway to see if this is 

more prominently demonstrated in other systems. 

This assumption should be quite reasonable in the energy range experiments 
have been performed. 
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B. Validity of Semiclassical Approach 

We have performed calculations to· investigate the validity of the 
. .. 9 

expressions (3) for the phase shift. Roberts and Ross have already 

shown that, to a good approximation, the imaginary part of the phase 

shift can be calculated from Eq. (3) for a Lennard Jones or an exponential 

potential for a wide range of magnitudes of V. . We found this to be the 
. 1 

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. This deviation caused a large error in the 
1 . 

differential elastic scattering cross section calculated from these 

phase shifts. 

Fonnula (3) is based on the asstunption that the real part of the 

phase shift does not change as the imaginary part of the potential is , 

'turned on'. We have investigated this assumption by comparing phase 

shifts calculated quantum mechanically for the potentials v0 and v0-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 

relation, shown graphically in Fig. 6, is nearly independent of the size 

of v. or the partial wave number. Thus if {~~} is the set of exact phase 
1 N · 

shif~s for v0 and {~.R.+ir,;.R.} those for v0-ivi, we have plotted I~.R.-~~1 vs. 

(1-e sQ). (Note: z;;£ ~- z:£). Figure 6 shows that as long as the opacity is smaller 
than about 0. 9, the absolute error in ~.R. is fairly small. 

~.R.' however, is not a measurable quantity. In a practical calcula­
tion one normally calculates the differential cross section using the 

·standard formula 

dcr = ae (8) 

The overall reliability of Eq. (3) must be assessed by comparing the 

exact (dcr/d6) (above) with that calculated using~~+ ir,;~. This is 

shown in Fig. 7. Using the best fit V., the quanttun-mechanical and the 
1 . 

approximate semiclassical results are essentially the same at 65 MeV. · 

However, if v. is increased by a factor of 5, the approximate semi-
, 1 
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classical analysis breaks down. Quanttnll mechanically, it is seen that 

as V. is increased, only the large angle (do/de) is affected; (da/de) 
J. 

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 

criteria, the following observations, seem pertinent. For our optical 

Vi0PT, all the opacities P£'~ have values_:: 0.7. For 5 Vi0PT, on the 

other hand, a sizable ntnllber of the partial waves with non-vanishing 

Pi's have opacities exceeding 0.95. In fact, there are some 26 Q,'s, out 

of a total of 56 significant partial waves (with PQ, ~. 0.01); for which 

there is approximately unit probability for ionization. Referring to 

Fig. (Sa), we see that 5 ViOPT corresponds to a case where the magnitude 

of the imaginary part of the potential at the classical turning point 

becomes comparable to that_ofv0, the real part of the potential. Under 

such circl..UJlstances, one does not expect the first order semiclassical ap­

proximation £mr the real part of the phase shifts to be reliable. If 

v0 is predominently repulsive, a safe rule of thlnllb would be to carry 

out calculations for the desired V·. and also for twice that V .. The 
• ' 1 1 

two ( ~) 's should be almost identical at small angles and only differ 

at large angles. If ( ~ ) changes significantly for small angles, 

Eq. (3) should not be used. 

CONCLUSIONS 

It is fowid.that at low energies, for a given v0 , the total ioniza­

tion cross section is much less sensitive to a particular.v. than at 
1 

higher energies. Since the high energy data play such a vital role in 

determining V., it is important that there is no controversy in the mea-
l 

surements by different groups, This unfortunately is not the case. 

Pesnelli et al. and Illenberger and Niehaus have both investigated the 

energy dependence of the total ionization cross section. While their. 

results agree at low energies, this congeniality fails to carry through 

to higher energies where radically different 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.0-iVi should involve differential cross section measurements 

at many more different energies than what we have done. Higher velocities 

should be attempted, for as the collision energy goes up, the repulsive 

wall which the particle'samples essentially rises infinitely fast, so 

that the classical turningpoint becomes fairly constant~ and one ought 

then be able to observe the effect of Vi more vividly. It is only in this 

way can one establish how v. behaves at small interatomic distances. 
1 . 

v0, on the otherhand,. is more keenly reflected in the differential cross 

section as the collision energy goes down. At low energies (such as that 

achieved bymaintaining one of the beams at liquid nitrogen temperature), 

the oscillations at small angles can be more readily resolved, and they 

help to determine the interaction potential v0 more precisely. 

Up until now, theoretical effort on the He(23S)+Ar system has de­

pended on model forms of the potentials v0 and Vi' chosen to reproduce 
experimental results. Hickman and Morgnerll 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 

theoretically calculating V 0 andV i is the only remaining obstacle to a 
more comprehensive understanding of Penning ionization from first 

principle. Present theoretical work is being directed along these lines. 
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FIGURE CAPTIONS 

Fig. la, Laboratory angular distribution of elastically scattered . 

He(23S) from .Ar at 6S meV, Solid curve is the calculated dif­

ferential cross section using the optical potential obtained in 

this work. 

Fig. lb. Laboratory angular distribution of elastically scattered 

He(23s) from Ar at 132 meV. Solid line in the calculated theo­

retical curve. 

Fig. 2. MMSV potential derived in this work; solid line. Dash-dot curve 

depicts the imaginary part of the optical potential. Dashed 
. s 

curve is the v0 proposed by Olsen. 

Fig. 3. Comparison of the calculated differential cross sections 

using the optical potential derived in this work (solid line), 

and the analytic potential proposed by Olsens with Illenberger.'s2 

coupling function (dashed line). 

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

a function of relative velocity with Illenberger and Niehaus2 

experimental data (6). 

Fig. Sa. The experimental differential cross section at 6S meV indis­

criminately admits the two optical potentials above which are 

different only in the slope of their repulsive wall and their 

respective imaginary component. Solid line corresponds to the case 
of s

1 
= S.2, y?PT = 9., -S· 2934 CR- 3.SS); dashed curves correspond 

to S1 = 4. S an~ V. = 9.- - S. 2934 (R- 3. 3S). D~shed dot curve denotes S y?PT. 
1 1 

Fig. Sb. The theoretical total ionization cross section vs. velocity using 

the two sets of {f\, Vt} in Fig. Sa. The~ solid line is that of 
a S 2 V ·o -S.2934(R-3.SS) and. . . d . h 
~1 = . , . =N , 1s 1n goo.· agreement w1t 

. 1 . 2 
the data of Illenberger and Niehaus, whereas the dashed curve is 
calculated from- s

1 
= 4.5, Vi =9.- -S.2934 (R-3.3S). 

Fig. 6, Phase shifts l;O are computed for the '?Otential v0 and com­

pared with phase shifts E;+is for the cases of v0 -i~PT, 
V0-i(lOViOPT) and v0 -i(lOOV~PT). The phase shifts are computed 

quantum mechanically by numerical integration (Numerov algorithm). 
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The calculations were done for several partial waves. We have 

plotted At;,= It;,~- E;,~Q I vs. the opacity, which ~s (1-exp(-4s)). 

For the first order semiclassical approximation, one asst.nnes 

flE;, = o • 
Fig, 7. Calculated differential cross sections, obtained by asst.nning a 

sharper resolution function for the detector, for the cases of 
v.OPT and 5 v.OPT. The curve for ViOPT is essentially identical to 

1 . 1 

that obtained via a full quantt.nn mechanical treatment. The curves 

for 5 v. 0PT are displaced to aid comparison. 
1 
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Table 1, MMSV potential parameters 

· e: (kcal/rnole) 0.1 

·r (A) 5.5 rn 

B1 5.2 

B2 5.7 

c6 (kcal/rno1e A6) 3048 

c8 (kcal/rnole A 8), 63678 

b1 0.75 

b2 1.119 

b3 -2.755 

b4 1.984 

x1 0 

x2 1.12 

x3 1. 75 
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.---------LEGAL NOTICE----------.. 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Energy Research and Development Administration, nor any of 
their employees, nor any of their contractors, subcontractors, or 
their employees, makes any warranty, express or implied, or assumes 
any legal liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or process 
disclosed, or represents that its use would not infringe privately 
owned rights. 
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