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Abstract

Spectra of electrons ejected from doubly excited states

of helium have been extensively measured at several observa-

tion angles fro impact with lithium ions at energies lower

than 5 keV. "Molecular-autoionization" spectra have been

found at forward observation angles, and analyzed in terms of

the Gerber-Niehaus theory with modification. The spectral

shapes of atomic-autoionization peaks have been discussed in

relation to both the Barker-Berry effect and the Doppler

effect. Excitation cross sections of autoionizing states

have been determined by a new method that uses simultaneous

impact of ions and electrons.
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I. INTRODUCTION

Much attention has been devoted to autoionizing states

induced by ion-atom collisions at low and intermediate impact-

energies at which relative velocities are lower than those of

outer-shell orbital-electrons, as seen in recent reviews by

Morgenstern, by Barat,' and by Kessel et al.. One obtains

electron spectra that are quite different from those for high-

energy ion-atom collisions. At low and intermediate impact-

energies, excitation into the autoionizir.g states is considered

4-6to occur via quasimolecular states formed during collisions.

Selection rules here differ from those in high-energy collisions

where the excitation takes place owing to the Coulomb interac-

tion between the projectile ion and atomic electrons. Electron

spectra caused by direct ionization are limited to almost zero

energy. In contrast, electron spectra caused by autoionization

are expected to appear usually at much higher energies (well

separated from those caused by directly ionized electrons),

because the excitation energies of autoionizing states are

often much higher than the first ionization potential.

Among various experimental methods reported in the

literature there are inelastic energy-loss measurements,

11-17ejected-electron spectroscopy, and electron-ion coincidence

measurements. The ejected-electron spectroscopy has an

advantage over the inelastic energy-loss measurements in the

sense that much better energy-resolution can be obtained.

Although the electron-ion coincidence measurements are highly

powerful for obtaining detailed information of the process, it

is rather difficult to apply this method when the excitation
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cross sections for autoionizing states are minute, as they

usually are in a near-threshold region.

It is of special interest to obtain ejected-electron

spectra for an impact-energy at which collision duration is

not much shorter than the lifetime of a collisionally excited

autoionizing state. If autoionization occurs immediately

after the collision, an ejected electron suffers an influence

from the Coulomb field of the projectile ion; then, a corre-

sponding autoionization peak in the electron spectra is both

shifted and broadened. Barker and Berry for the first time

observed such an effect in He + He collisions. Further

discussion, including reports of detailed experiments, has

2?-25
been presented by several authors. Now it is suggested

that, on one hand, the shift of the peak is mainly due to the

influence of the Coulomb potential of the projectile ion, and

that, on the other hand, the peak broadening is mainly due to

the recoil of the target atom, i.e., due to a kind of Doppler

effect. If the projectile ion is so slow that the auto-

ionization takes place during the collision, ejected electrons

carry information en the potential energies of quasi-molecular

states, and give rise to a "molecular-autoionization" spectrum.

A semiclassical interpretation has been given by Gerber and

Niehaus for such "molecular-autoionization" spectra observed

in He + He collisions.

There have been only a few ion-atom collision experi-

ments ' ' in which the projectile ion is sufficiently slow

to permit observation of the "molecular autoionization". In

contrast to collisions between two neutral atoms such as He +
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He, ion-atom collisions offer the possibility of finding both

the Coulomb-shifted autoionization peaks and the molecular

ones in the same system. A change in spectra from the former

to the latter with decreasing impact energy is expected to

show up in some appropriate ion-atom systems. Investigations

on such systems will contribute to comprehensive understnading

of autoionizing states influenced by the second body.

A brief report has been presented on the energy and

angular distribution of the ejected electrons for collisions of

low-energy (2-5 keV) Li ion with He. It was then pointed out

that the structure of the ejected-electron spectra should be

+ **
analyzed with the (Li + He) quasimolecular states taken into

account.

In this paper, extended and detailed account is presented

for measurements and analyses of the ejected-electron spectra

in the Li + He collision. The impact energy ranged from 0.6

to 5 keV, measured in the laboratory frame. The observation

anlge ranged from 10 tO 120°, measured from the primary ion-

beam direction. In Sec.n , an experimental apparatus and

procedures are described. Especially detailed description is

presented about a technique for making a Li -ion source and

about a method for determination of the ejected-electron

energy. In Sec.H , experimental results and theories for

analyzing the ejected-electron spectra are given. Several

parameters obtained from an analysis of the "molecular-

autoionization" spectra are also presented. Section IV is

devoted to discussion on general properties of the auto-

ionization caused by Li + He collisions.
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H. EXPERIMENTAL APPARATUS AND PROCEDURE

The experimental apparatus is schematically shown in Fig.l.

It consists of three parts: a Li -ion gun; a sample gas cell

for static target gas; and an electron energy analyzer with an

electron detector. These are all placed in a vacuum chamber

and the magnetic fields in it are reduced to ~ 3 mG by Ilelmholtz

coils and p-metal shieldings.

There are two different procedures to make Li -ion emitters

(Li2O-Al2O,•2SiO2). One of them was described by Kadota et

al., and the other by Weber and Crodes. We generated Li+

ions from two alternative ion-emitters made by the different

procedures. About 2-3 mg weight of the ion-emitter including

distilled water was placed inside a spiral wh?:h was manufac-

tured by winding a platinum wire (0.1 mm in diameter) by the

turns around a needle (0.5 mm in diameter). The spiral was

heated in air by electric current to evaporate water. The

process causes the ion-emitter to adhere tightly to the wire.

Then, the emitter was heated for six hours at about 1100°C in

vacuum. After the aging, emission of Na and K ions became

less than 0.5% of that of Li ions. A Li -ion source

(indicated by IS in Fig.l) having the aged ion-emitter was

mounted on an ion-lens system (IL). The Li ions generated by

heating the wire electrically were extracted and accelerated

to a selected impact energy by the lens system. A Li -ion

current was monitored by an ion collector (IC) after passing

through collimator apertures (1 mm in diameter). The current

intensity depends on impact energy; it was about 0.2 \iA at

impact energy of 2 keV, for example. Under this condition,
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constant-ion supply could be maintained for about 100 hours.

The sample gas cell (GC) of stainless steel is specially

designed so that the Li -ion gun can be rotated around a col-

lision center, without changing target gas pressure, from - 5

to 130° with respect to a direction of an entrance lense (AL-.J

of the analyzer (c.f. Wakiya ). The target helium gas was

admitted to the cell through a variable leak valve (supplied

by Granville-Phillips Co.) from a gas reservoir. The working

-4 -3 '

target pressrure was between 5 x 10 and 1 * 10 Torr, while

the background pressure in the vacuum system was two orders of

magnitude lower. The gas pressure in the cell for an indi-

vidual measurement was so chosen as to give the best operating

condition. It was kept constant during the measurement.

The energy analyzer is made of stainless steel and consists

of four components: a deflector (AD), i.e., a pair of concen-

tric hemispherical electrodes dispersing electrons that have

differenct kinetic energies; a set of cylinder lenses (AL,)

retarding electrons ejected from the collision center and

focusing them at the entrance of the deflector; another set of

cylinder lenses (AL^) accelerating energy-analyzed electrons

that emerge from the exit slit of the deflector; and finally a

channel electron multiplier (CH) (Mullard type B419 BL101).

Pulses from the detector were amplified and accumulated in

a 1024-channel pulse-height analyzer (Camberra, Model 8100)

operating in a multiscaler mode. It took from 0.5 to 2 hours

to obtain a typical ejected-electron spectrum. At lowest

impact energies, however, data accumulation took a much longer

time, i.e., six hours. An energy resolution of the analyzer
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was 50-80 meV in full width at half maximum (FWHM). The

energy spectra of the ejected electrons were obtained by

sweeping a retarding voltage that synchronizes with an address

advance of the multiscaler.

The calibration of ejected-electron energies has been

carried out using the spectra obtained by the following

technique, which observes electrons resulting from Li -ion

impact and from electron impact, realized simultaneously. For

this purpose, we first removed the ion gun from the position

shown in Fig.l, and second, placed it on the top of the cell

at the normal of the plane of Fig.l. Third, at the earlier

position of the ion gun, we placed an electron gun with a

tungsten-wire filament. Then, the ion beam is vertical to a

standard scattering plane, which contains the electron gun

as well as the entrance and exit lenses of the analyzer. We

thus could observe electrons ejected at 90° with respect to

the ion beam and at 120° with respect to the primary electron

beam. In this geometry, ejected electrons due to ion impact

and those due to electron impact are detected at the same

sensitivity because our observation was made with a hemi-

spherical analyzer. The electron-impact energy was fixed at

200 eV, at which the "post collision interaction" effect is

32
negligible according to Hicks and Comer, that is, the peaks

corresponding to the autoionizing states induced by electron

impact do not shift at this energy.

Figure 2 shows some of the spectra obtained by the

present technique. The energy of ejected electrons for Li+ +

He collisions was calibrated, at every ion-impact energy, by
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comparing the spectra due to the simultaneous impact of

electrons and ions with those due to ion impact alone. We

used the peak corresponding to He 2s2p P state induced by

electron impact as an energy standard. For the excitation

energy of the state, we adopted the value 60.130 ± 0.015 eV

according to the photoabsorption data by Madden and Codling.

This energy-calibration method is considered to suffer no

serious disturbance from space-charge effects, because the

analyzer detects only those electrons ejected from the region

where the primary electron crosses with the ion beam. The

uncertainty of the energy calibration is estimated to be less

than ± 0.0 5 eV.

Absolute differential cross sections (DCS's) were deter-

mined by the following procedure. Electron spectrum was

obtained again by the simultaneous-collision technique, though

with 30 eV electrons at this time. The spectrum represents a

superposition of an elastic-scattering peak caused by e + He

collisions and an autoionization peaks caused by ion + He

collisions; because the electron energy is 30 eV, inelastically

scattered electrons and ionized-electrons do not appear in the

energy range, 28-43 eV. Since absolute DCS's had been measured

for e + He elastic scattering, we could obtain DCS's for the

autoionization using the ratio of the autoionization-peak area

to the elastic-peak area. Details of the procedure and the

results are presented in Sec.HI.F.

HI. RESULTS AND ANALYSIS OF AUTOIONIZATION PEAKS

A. Basic results



Figure 3 shows spectra at an observation angle 6 = 10°

for impact energies E = 5, 4, 3, 2, 1.5, 1, and 0.6 keV. Some

of these spectra have already been given in Ref.17. Assign-

ment of He autoionizing-states is given on the top of the

figure. The Doppler broadening of the peaks should be small

in the forward angles. ' The peaks corresponding to the

He 2p D state and the He 2s2p P are clearly resolved at

E = 3 keV.

Figure 4 shows a correlation diagram for quasimolecular

states of Li + He system. Solid lines denote I states,

broken lines denote n states, and dotted broken lines denote

1 + 2 2
A states. The initial Li (Is ) + He(ls ) system forms a
2 2 1lso 2pa E quasimolecular state, and it correlates diabatical-

2 2 1 +

ly to a doubly excited Is 2p D state of B in the united-

atom limit. Transitions to singly-excited quasimolecular

states are caused by rotational or radial coupling between
2 2 1

these and the initial iso 2sa L states. The doubly-excited

quasimolecular states are produced from the singly-excited

ones by the same mechanism as above. We represent the

possible couplings in Fig.4; "rot" denotes the rotational

coupling, and "rad" the radial coupling.
2 1

The He 2p D state is excited by a two-step process due

2 2 1 2to the rotational couplings of the form lsa 2pa Z •* lsa 2pa2pir

1n- •+ Isa22pir2 -""A. The He 2s2p 1P state is produced by the

radial coupling between the intermediate lsa 2pa2pTi n and the

2 1 2 1
lso 2sa2pn II states. This lsa 2sa2pir II state is also

2 2 1
excited by the rotational coupling with the initial lsa 2pa I

state. Within the single configuration model, the latter
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process including the change of two molecula --orbital configu-

rations is forbidden owing to the orthogonality relation

between the 2pa and 2sa orbitals. In a real system, however.

configuration mixing takes place among the states belonging

2 1
to the same symmetry; the "lso 2sa2p7T n ^tate' consists of

2 2
lsa 2sa2p7T, lsa 2pa2pir, and other configuration states. The

transition lsa 2pa £ ->• lsa 2sa2pir n should occur through

2 2 1

a transition into the lsa 2pc2pir component in the lsa 2sa2piT n

state. Similar considerations, of course, apply to the

transitions between other states. The He 2s S state is
2 2 1

excited directly by the radial coupling of the form lsa 2pa £
2 2 1

•+ lsa 2sa £ or indirectly through the roational coupling of

the form lsa22pa2piT 1n •+ Isa22sa2 1l. In Fig.3 we also find

several autoionization peaks on the higher-energy side of the

spectra. These states are attributable to multistep transi-

tions via lower energy quasimolecular states.

B. Theory for analysis

The shapes of the autoionization peaks suffer a deforma-

tion for two reasons. One is a kinematical effect; usually

called the Doppler effect. The other is an effect due to the

near presence of the projectile ion; we may call this effect

a quasimolecular effect.

The Doppler effect is characterized by the Doppler

25
function <j>D, introduced by Gleizes et al. . Let e be the

kinetic energy of the ejected electron relative to the

electron-ejecting atom or molecule that has the kinetic energy

^, and E. , be its observed kinetic energy. Besides, if rae
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represents the mass of the electron, and M the mass of the

atom, the Dopplcr function 4>n(£-, u) may be written as

, m T. _ e, , m
d, (V l = I n + £ - -± _i_l{B 2 l a b - re - e + — T
D labJ 2 f M e e l a b M 1

'lab lab

(1)

22
The parameters A and B were introduced by Gordeev and Ogurtsov,

and are expressed as

A = 2(-?-T.e)i//cos8 ,-cose.
M x l

(2)

B = 2 ( — T.e) ' sine, K
- s i n 9^ .i lab i

where 9, , denotes the observation angle in the laboratory

frame, and 9. the scattered angle of the electron-ejecting

atom.

From Eq.1, we have the value of infinity for $„ at two

points of e, , , ej I and EJ- ji, where the content of the braces

in Eq.l becomes zero. The Doppler function <j>_ is zero unless

411 < £lab < elab- The width rD of the *D is l 2
The magnitude of the Doppler shift is the difference between

(eiau
 + siab^^ an^ e' Some numerical values of these

quantities are shown in Figs. 5 and 6. The quantities 6. and

T. have been determined by using the value of the reduced

lgle

7,8

deflection angle x = 20 keV-deg given by Li -ion energy-loss

measurements.
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The quasimolecular effect may be best described by the

spectral-shape function P(e), introduced by Gerber and

Niehaus. Let E. be the total electronic energy of the
+ **

initial state (Li + He) of autoionization, and E^ be that

of the final state Li + He + e(e) . The energy E,. is the

sum of the kinetic energy £ of the ejected electron and the

potential energy E. of the Li + He state, i.e., E,- = e +

E. . The energy V.f of the interactions between the initial

and final states may be expressed as the product of the interac-

tion matrix element U.,. and the amplitude a. of the initial

state. All the quantities E-, Er, and V-^ are defined for a

fixed internuclear distance, and thus may be considered as

functions of time t when the nuclear motion is treated classi-

cally. If r is the energy width associated with the auto-

ionizing state, a. may be expressed as exp [ - T[t - t )/2],

where t is the time when the initial state is formed. And

we can write

Vif = U.f expt- |(t - tQ)] = VQ exp(-
 V-} . (3)

Then, the spectral-shape function may be written as

t

p ( e ) = 1 | [ V. fCt)exp{- j - f [ E ( t ' ) - E f ( f ) ] d f } d t 2, (4)
h£ ' xt h t

o o

where h is the Planck constant divided by 2ir, and i the

imaginary unit.

To obtain an explicit expression for P(e), we must

investigate the dependence of the potential-energy difference
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E- - E. on the internuclear distance R. Figure 7 shows

plausible potential curves of these and some other states.

In the estimation of E. , it is convenient to distinguish

three regions of the internuclear distance R. The first may

be called a separated-atom region R < R < °°, where the

electronic wave functions of Li and He do not overlap-with

each other. The value of the boundary point Rg is estimated

by using the ionization potentials of Li and He , I (Li )

and I me*), as 0.49 A (= h//2m I fLi
+) + h//2m I (He+). Thep e p e p

second may be called as an united-atom region 0 < R < R ,

+ *?~
where the nuclei of Li and He are covered by the inner-shell

electronic wave functions. The value of the boundary point

R is estimated by using the ionization potential of B (Is ),

I (B 3 +), as 0.12 A (= h//2m I (B 3 +). The third may be called
P e p •

an intermediate region, R < R < R .

When R > R , Li ion acts as a simple structureless

charge, the potential-energy curve of E. is almost the same

as that of H + He (Is) system. When R < R , the energy of

E. is almost the same as that of the B + + Is 2P. The curve

of H + He (Is) is connected to the Li Is state in the

united-atom limit. For Li + He (Is), however, the Is states

in the united-atom limit are occupied by the Is-state elec-

trons of Li . The system necessarily correlates to B Is 2P

state at R = 0. The curve of E. suffers a violent change

in the intermediate region.

Because the dominant excitation mechanism is considered

to be the two-step 2po •* 2pir transitions, we can look upon the

2 2
initial autoionizing state as the iso 2pir state. The curve
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of E- does not change violently over the entire range of R,

because the 2piT quasimolecular orbital interacts weakly with

the core orbitals.

From the above discussion, the potential-energy difference

E- - E- should be Coulombic when R >> R . It may be written

as

Ei " Eion " A E " e2/R> &

where ,\E is the energy difference between the He 2p D and He

Is states, and e the electronic charge. In the intermediate

region, E- - E. has a local maximum at R = R* (shown in Fig.7)

and may be approximated by a parabolic function in the neghbour-

hood of R = Rj,

Ei " Eion

where e. = (E. - E . ^ ) , ^ , and
2

.
(E. - E . ^ ) , ^ , and £ - -[d2(Ei -

In the region, at which E- - E. is described by Eq.5,

the case of one point of stationary phase in the Gerber-Niehaus

theory is applied. We obtain, using Eqs. 3, 4 and 5,

pCe) =II^.ex p [--J^—], (7)
(AE-E) hv(AE-e)

where v is the relative velocity of the Li + He collision.

This is precisely the same formula as proposed by Baker and

Berry. The effect that the autoionization peak profile is

described by Eq.7 may be called the Baker-Berry effect. This
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effect causes the shift of the autoionization peak to the lower
2

energy side that amounts to Te /2hv, which will be called as

Baker-Berry shift hereafter. It also causes the broadening of

the autoionization peak that amounts to 1.07 re /hv, which will

be called as Baker-Berry broadening in the rest of this paper.

Near R = Rft, the case of two points of stationary phaser

in the Gerber-Niehaus theory is applied. We obtain, using Eqs.

3, 4 and 6,

P(e) = 4TT V (2/e*v ) ' A. (z) (8)
U X

and

Z = (2/el'v
2)1/3[e - (E* + ir/2)], (9)

where A-(z) is the Airy function. Here z is a complex variable,

whereas the variable z in the Gerber-Niehaus theory is real.

The "molecular-autoionization" peak profile is expressed by

Eq.8.

In the neighbourhood of R = R (shown in Fig.7), the latter

case is applied again. We can obtain a formula similar to Eq.8.

C. Dependence of ejected-electron spectra on impact energy

Ejected-electron spectra are shown for various impact

energies at fixed observation angles in Figs. 3, 8, 9 and 10.

In considering the property of the spectra, we must take into

account both the Doppler effect due to the recoil of the
**

electron-ejecting He and the Baker-Berry effect due to the

Coulomb potential of the scattered Li ion. The influence of

the energy-resolution of the analyser on the spectral shape is
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negligible, because its FWHM is an order of magnitude smaller

than the broadening by the Doppler effect or by the Baker-Berry

effect.

The Doppler effect is fairly large (see Figs. 5 and 6);

there are following reasons for it. First, recoil velocity may

be enhanced by the impact of the ion heavier than the target

atom, because it is nearly proportional to the velocity of the

center of mass of Li + He system. Second, the autoionizing

states are produced only by close collisions, for instance,
o

the most probable impact parameter being about 0.2 A for E =
7 ft ^ ft

3 keV; ' ' consequently the target He should receive a large

amount of kinetic-energy transfer. The Baker-Berry effect may

be appreciable. At E = 3 keV, for instance, the Li ion
° 2 1

travels only about 25 A during the lifetime of the He 2p D

state, which is 0.902 x 10 sec.38 The Baker-Berry shift

reaches about 0.29 eV and the Baker-Berry width amounts to

about 0.61 eV.

We observed spectral-shapes quite different from the ones

expressed by Eq.7 or Eq.l. It is not curious, because the

ratio of the strength of the Baker-Berry effect to that of the

Doppler effect changes with the variation of E and 9. The

observed spectral shapes are the ones expected from the Baker-

Berry function Eq.7 convoluted with the Doppler function Eq.l.

Since we observed scarcely electron-emission in the range

of e, , , 15-25 eV, all the ejected electrons around e. , = 35 eV

are attributable to the electrons from the autoionizing states.

When E decrease below 2 keV, counts of the ejected
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electrons decrease rapidly. At E = 0.5 keV, we found no peaks

around e. , = 35 eV even after six hours of data accumulation:

the excitation cross section for the autoionizing states was

-20 2
estimated to be less than 9 * 10 cm at this energy.

Spectra at 8 = 10°

Figure 3 shows seven spectra at E = 5, 4, 3, 2, 1.5, 1

and 0.6 keV. At E = 3 keV, the rD (* 0.40 eV) by the Doppler

effect is smaller than the broadening (x 0.61 eV) by the Baker-

Berry effect, for details, see Fig.5. The peak shapes are

determined mainly by the latter effect at relatively higher

energies. The peak positions, however, suffer both the effects;

for instance, the Doppler shift (= 0.29 eV) is too large at

forward angles to be neglected in comparison with the shift

O 0.29 eV) caused by the Baker-Berry effect for E = 3 keV, for

details, see Fig.6.

At E = 3 and 2 keV, we find shoulders in the energy region

higher than e, , = 36 eV. Eqs. 1 and 7 indicate that we should

not find any peaks at energies exceeding the sum of the AE and

the Doppler shift. Because the AE is 35.31 eV for the He 2p2 1D

state, and 35.55 eV for the He 2s2p P state, and because the

Doppler shift is about 0.29 eV for 3 keV, and about 0.36 eV

for 2 keV, the peaks corresponding to the states are found only

in the region of e, , < 36 eV. At e, , > 36 eV, there are small

peaks corresponding to the higher autoionizing states in the

spectra for = 5, 4 and 3 keV. They, however, would decrease

rapidly with the decrease of E, because they are excited by
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multistep transitions via the lower quasimolecular states; they

do not make the shoulders at E = 3 and 2 keV. We consider the

shoulders on the higher-energy side as the ones caused by the

"molecular autoionization" described in Sec.m.B; a detailed

analysis of them will be given in Sec.IE.E. The whole shapes

of the spectra at E = 3 and 2 keV, therefore, are the super-

positions of the spectral shapes caused by the Baker-Berry

effect and those by the "molecular autoionization".

At E = 1.5 keV, the intensities of the ejected-electrons

caused by the two processes become comparable in magnitude. At

lower energies, the "molecular autoionization" dominates.

Spectra at 6 = 90°

Figure 8 shows four spectra at E = 5, 4, 3 and 2 keV.

Measured peak positions-shift to the lower-energy side from

e, , = 35.31 eV (the energy of electrons ejected from the He

2p2 1D state at R = <=°) by 1.27 eV at E = 2 keV, 1.11 eV at E =

3 keV, 0.98 eV at E = 4 keV, and 0.69 eV at E = 5 keV. On the

other hand, the Baker-Berry shifts of the corresponding peaks

are estimated to be 0.36 eV at E = 2 keV, 0.29 eV at E = 3 keV,

0.25 eV at E = 4 keV, and 0.22 eV at E = 5 keV. Because the

Doppler shifts are almost zero at e = 90° for all impact

energies, the former values must agree with the latter ones for

the corresponding E. The differences between them, however, are

appreciable.

These can be explained in the following way. At 6 = 90°,

the TJ-J'S reach their maxima for all impact energies and are
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fairly large compared with the broadening by the Baker-Berry

effect. Because the Doppler function becomes infinity at E^ I

and c\ I (see Sec.IE.B) and the Baker-Berry function has a
-Lao

sharp cut off on the higher-energy side accompanying a moderate

decrease on the lower-energy side, the intensity of the ejected

electrons having kinetic energies e, , * ^\al. is enhanced and

the "apparent" autoionization peak is formed. It is quite

different from the peak in the absence of the Doppler broadening,

The maximum values of the "apparent" peak shfits, therefore,

become the sum of the Baker-Berry shifts and r 's/2. They are

1.72 eV at E = 2 keV, 1.43 eV at E = 3 keV, 1.25 eV at E = 4

keV, and 1.12 eV at E = 5 keV. They are consistent with the

observed peak shifts. We can say that the position of the

autoionization peak suffers influences not only of the Baker-

Berry shift byt also of the Doppler broadening.

The procedure of Baker and Berry to determine the

lifetime of the autoionizing state leads to a serious error,

if we do not take into account the peak shift due to the Doppler

broadening. In fact, if we estimate the lifetime of the He
2 1

2p D state, assuming the observed peak shifts, to be the ones

-14only by the Baker-Berry effect, we obtain 0.21 x 10 sec.

21This value agrees with the result by Baker and Berry, but is

much smaller than the theoretical value, 0.902 * 10 sec.

It is unreasonable that we consider the lifetime of the auto-

ionizing state formed by the ion impact to be four times as
**

small as the one for the isolated He.

The shapes of the peaks are also deformed considered by
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the Doppler broadening. The structure of the peaks on the

higher-energy side at E = 3 and 2 keV originates from the

singularity of the Doppler function at E, , = E| I.

Spectra at 9 = 60 and 120"

Figure 9 shows four spectra at 9 = 60°, and Fig.10 at 6 =

120°. The magnitudes of the Doppler broadenings and shifts for

9 = 60° are approximately the same as those for 6 = 120° by

their geometrical symmetry with respect to 9 = 90°. The signs

of the Doppler shifts are, however, opposite to each other

positive in the forward direction and negative in the backward

direction (for details, see Figs. 5 and 6). The Baker-Berry

effects are the same at 6 = 60 and 120° for the same impact

energy, because Eq.7 is independent of e.

We can, therefore, predict the following two properties of

the spectra. First, the peaks for the two angles at the same

impact energy should be similar in shape. Comparing Fig.9 with

Fig.10, we find that all the spectral shapes are indeed similar

to each other for the same impact energy. The slight differ-

ences are considered to be due to the following origins: (1)

the differences in the angular distribution of ejected electrons

between the atomic autoionization and the "molecular autoioniza-

tion"; (2) existence of anisotropy in electron-distributions

about the azimuthal angle, contrary to the assumption of

isotropic distribution in Eq.l by Gleizes et al.. Second,

the distance between the peak positions for 6 = 60 and 120° at

the same impact energy should be approximately twice the
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Doppler shift for 6 = 60° or 120°. This prediction is born out

by the present measurements. The distances of the peak positions

between E = 5 and 2 keV are 0.57 eV at 6 = 60°, and 0.75 eV at

8 = 120°. The difference 0.18 eV between them should be equal

to 0.31 eV, which is twice the calculated difference in the

Doppler shift between the cases for E = S keV and for E = 2 keV

at 6 = 60°. Although the agreement is rather poor between the

experimental result and the theoretical prediction, it may be

said that they are consistent with each other.

D. Dependence of ejected-electron spectra on observation angle

In this section, variations of spectral shape as a function

of observation angle are described for several fixed impact

energies. Because the shape function P(e) of Eq.7 does not

depend on the observation angle, the values of the Baker-Berry

broadening and shift are expected to be the same for all spectra

in each figure.

The energy widths of the He 2p D and the He 2s2p P state
•7 O

do not differ very much from each other: 0.0729 eV for the

39former and 0.0369 eV for the latter. The angular dependence

of the "apparent" Baker-Berry broadening is weak even if the

intensity ratio of the He 2p D autoionization peak to the

He 2s2p P would change with the angle. The "apparent" peak

position, on the other hand, may change, because the separation

of their peaks is 0.24 eV and the intensity ratio of them will

change with angle.

The spectral-shape variations with the angle, therefore,
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should be mainly due to the angular dependence of the Doppler

broadening.

Spectra at E = 5 and 4 keV

From Figs. 11 and 12 we can see that the 8 dependence of

the widths and positions of the peaks in the vicinity of e, ,

= 35 eV agree with the prediction based on the Doppler effect

(see Figs. 5 and 6). However, the peaks at 6 = 60 and 90° shift

slightly to the side of energy higher than those of the expected

positions. The discrepancy seems to be due to the variation in

the intensity ratio of the autoionization peak for He 2p D

that for He 2s2p P. Because the separations of those peaks,

which are spread owing to the Baker-Berry effect are 0.36 eV

for E = 4 keV and 0.35 eV for 5 keV, the "apparent" peak posi-

tions can fluctuate within the magnitudes of the above values

around the predicted positions.

Spectra at E = 3 and 2 keV

Figure 13(a) shows the 8 dependence of the peak shapes at

E = 3 keV, and Fig.14 at E = 2 keV. The widths and shifts of

the main peaks are in qualitative agreement with the calculated

values, as they are at E = 5 and 4 keV. Exceptions are the

shoulders observed around e, , = 36 eV in the forward angles.

They arise from the quasimolecular autoionizing states as have

been discussed in Sec.HI.C. As to the Doppler shift, an aspect

of electron ejection from the atomic autoionizing states and

that from the quasimolecular states are quite different from
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**
each other. The former electrons are emitted from a He with

a velocity recoiled by the Li ion. On the other hand, the
+ **

latter are emitted from a quasimolecule (Li + He) with a

velocity of the center of mass. Because the velocity of quasi-

molecules is about ten times as large as that of the recoiled

He under the relevant experimental condition, the "molecular-

autoionization" spectra appear on the higher-energy side,

separated from the atomic ones at the angles smaller than e =

30°. At the angles larger than e = 60°, the "molecular -

autoionization" spectra are hidden by the atomic ones.

For comparison of the measured spectra with the calculated

ones, we have given the calculated peak profiles for E = 3 keV

in Fig.l3(b). The functions of Eqs. 1 and 7 were convoluted
7 fi

using the reduced deflection angle; T = 20 keV-deg ' and the

energy width r of the atomic autoionizing state. The spectral

shapes of Figs. 13(a) and 13(b) are in fairly good agreement

with each other except the "molecular-autoionization" spectra

at forward angles. It must be noted that I' = 0.08 eV for the

autoionizing state well reproduces the measured spectral

profiles. The energy width Y = 0.08 eV agrees well with that

of the He 2p2 1D by Bhatia.38

E. Analysis of "molecular-autoionization" spectra

As stated in Sees. IH.C and m.D, the shoulders on the

higher-energy side observed at forward angles result from the

"molecular autoionization" of the lso 2p-rr A state. We have

made a least-square fitting of the spectral-shape function P(e)
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in Eq.(8) to the spectra measured at 6 = 20°, shown in Fig.15.

The spectra for seven impact-energy values, i.e., E = 3.2, 2.2,

1.9, 1.6, 1.3, 1.1 and 0.8 keV have been fitted with theoretical

curves. Because the quasimolecule travels at the center-of-mass

velocity, the ejected electrons suffer a Doppler effect. Its

magnitude was calculated using Eqs. 1 and 2 by replacing M- and

T. with the mass of the quasimolecule, M,, + M.• and the kinetic

energy of it, (Mo + M,.)V^/2, an& by putting 8- = 0°, where

Mo is the mass of He, M,. the mass of Li, and VG the velocity

of the center of mass. The Doppler broadening is absent for

all E's and e's. The Doppler shift at 9 = 20° is, for instance,

1.37 eV at E = 0.8 keV and 2.73 eV at E = 3.2 keV. Measured

spectra was shifted by a magnitude of the Doppler shift prior

to the fitting procedure. We adjusted three parameters in Eq.8,
tt u *

i.e., z-it, e* and r, and also adjusted seven auxiliary parameters,

i.e., intensities of the measured spectra. We thus obtained

E* = 35.8 eV,

e* = 6.0 eV/A2, (10)

and

r = 1.8 eV.

Results of the fitting are shown in Fig.IS by solid curves.

Agreement of these curves with the experimental data

points is sufficiently good to make us conclude that these

spectra in the higher-energy region indeed originate from the
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lsa 2pir A quasimolecular autoionizing state. We have a

possibility that our measured spectra may be a mixture of

contributions from the lsa 2sa2pir TT state and from the lsa 2pir A

state, because the energy difference between these states is

very small for all R. Then, the values of c*, t:* and r repre-

sent weighted means of the corresponding quantities of these

states.

F. Differential cross section for the autoionization of the He

2p2 2D and He 2s2p 1P states

Absolute values of differential cross section' (DCS) are

determined by the simultaneous impact of ions and electrons as

has been described in Sec.n . Let I be the total current of

Li - ions or electrons, n be the density of the target gas,

o be the DCS, 6 be the observation angle, and k be a constant

of the apparatus (including the transmittance of the analyzer

and the efficiency of the detector). Then, the current I of
**

electrons scattered by He or ejected from He is expressed as

I = IQ kn a/sin 9. (11)

The current I is proportional to S that represents an area

of the peak corresponding to an elastic scattering or an auto-

ionization. In the simultaneous impact, we measure I and S

for electron impact and for ion impact at any selected

Because n and k are common to the electron and ion impacts, we

deduce a DCS for the autoionization of the He 2p D and
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He 2s2p P states relative to that for elastic scattering of

electrons, from the measured values of I , S and 6, by means of

Eq.ll. An absolute DCS is given by normalizing the DCS relative

to the absolute value of elastic DCS of electrons at the

34
selected e. Figure 16 shows the angular dependence of the

DCS at E = 3 keV. The behaviour of the angular dependence

14
resembles the result of Leithaiiser et al. (although their

impact energy is 15 keV).

Cross sections integrated over the angles for excitation of

1 R 7 1 ft ?
these states are 2.7 x 10 cm at E = 3 keV, 2.3 x 10 cm at

18 2
E = 4 keV, and 2.2 x 10 cm at E = 5 keV. Integrated cross

sections at E < 2 keV decrease rapidly with decrease in E; the

dependence of them on the impact energy is consistent with that

calculated by Sidis et al.. But, absolute values of our

integrated cross section at E = 5 keV is in agreement with that

40by Leithaiiser, within the experimental uncertainties.

IV. DISCUSSION

New experimental techniques have been proposed for the

determination of the energies of the ejected electrons and of

absolute values of the DCS for the excitation of the auto-

ionizing states. It has been demonstrated by the present

experiment that the energy determination through the simultaneous

impact of Li ions and electrons achieves an accuracy within

0.05 eV in the vicinity of £ l a b = 35 eV. This technique is

applicable for various collision systems, provided that an

appropriate autoionization peak induced by electron impact is
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available as an energy standard. The simultaneous impact

method for the determination of the absolute DCS gives an

accuracy within 50% in the present experiment. Many variations

of the present technique are conceivable. For this purpose,

it is essential that one finds a suitable standard for the DCS.

We have also seen that properties of the spectra of the

electrons ejected from the atomic autoionizing state under the

influence of the scattered Li ion can be explained successfully

on the bases of the Baker-Berry theory and of the theory of

Doppler effect by Gleizes et al., except for some details of

the spectral structures. It must be, however, noted that the

Doppler Broadening sometimes introduces an apparent shift of

the observed spectral peak, in addition to shifts due to the

Baker-Berry effect and the Doppler effect. This fact is seen

from the doubly-peaked nature of the Doppler function (see Eq.l),

as has been discussed briefly by Gordeev and Ogurtsov. At

9 = 90°, for instance, the spectral peak is shifted to the

lower-energy side by the Doppler broadening, although the

Doppler shift is almost zero (see Fig.6) for all E (see Sec.m.C).

The large peak shift at 6 = 90°, therefore, can be explained

without assuming the shortening of the lifetime of the atomic

21
autoionizing state that was proposed by Baker and Berry. As

found in Figs. 13(a) and 13(b), for instance, the spectral

shapes are well reproduced at E = 3 keV by using a natural
**

width of isolated He atoms.

We have analyzed the "molecular-autoionization" spectra and

obtained a reasonable result. According to our interpretations,
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electrons are emitted from the traveling doubly-excited

quasimolecules. To test the validity of this idea, we have also

made another analysis assuming that the electron emission takes

place from the recoiled He . The fitting was far worse by

this assumption. Then, we confirm that the first idea is

reasonable. The energy width r of the quasimolecular auto-

ionizing state comes out to be 1.8 eV, far large compared with

the natual widths; 0.0729 eV38 for He 2p2 lT> and 0.0369 eV39

for He 2s2p P. The preliminary calculations of the energy

width of the He- 2pir A quasimolecular autoionizing state

41by Sato and Hara, also indicate its broadness at small

internuclear distances. Therefore, we can consider that the r

determined by the present work is reasonable large. We also

have tried to fig Eq.8 separately to measured spectra at each

impact energy. The fitting becomes worse with decrease in E.

This is probably due to the breakdown of our assumption that

the potential energy difference is parabolic for all over R and

that the width r is constant in the neighbourhood of the bottom

of the parabola. Because the autoionization probably occurs

before entering the bottom, i.e., at R < R* in Fig.7, in the

extremely low-energy collisions, the simple formula of Eq.8

may be faulty, and a complete treatment of Eq.3 must await

further study.

On the lower-energy side of the main peak of the ejected-

electron spectra, we should observe two kinds of spectral peaks.

One is the atomic-autoionization peak due to the He 2s S

state. The otber is another "molecular-autoionization" peak
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due to the electron emission in the neighbourhood of the

minimum of the potential energy difference, near R = R in

Fig.7. Because these peaks should overlap with the broad and

large tail of the main peak, we must have a detailed account

for the potential curves of the relevant quasimolecular states

and for their excitation processes to investigate these minor

autoionization peaks. A complete account of the present

results will be given in the future.
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Figure Captions

Fig.l Schematic of experimental apparatus. IS - Li ion

source; IL - Ion lens system; IC - Ion collector; GC

- Sample gas cell; SP - Sliding plate; AL, - Electron

lens system at the entrance of the analyzer; AD -

Hemispherical deflector electrodes of the analyzer;

AL- - Electron lens system at the exit of the analyzer;

CH - Channel electron multiplier.

Fig.2 Ejected-electron spectra of doubly excited He induced

by the simultaneous impact of Li -ions and electrons.

For Li -ion impact, the observation angle is fixed at •

90°, impact energies are 5,4, 3 and 2 keV (in

laboratory system). For electron impact, the observa-

tion angle is 120° and impact energy is 200 eV. The

peaks corresponding to the (2p ) D and the (2s2p) P

states in He induced by Li -ion impact are found to

shift and broaden more and more with the decrease in

impact energy.

Fig.3 Ejected-electron spectra at the observation angle

0 = 10°. Impact energies of Li -ion are 5, 4, 3, 2,

1.5, 1 and 0.6 keV (in laboratory system), as

indicated on the right side of each spectrum. The

interpretation of structures G and H is given in

Reference 35.

Fig.4 Correlation diagram for quasimolecular states of Li

+ He system.
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Fig.5 Calculated Doppler broadening as a function of

observation angle. Open circles represent the experi-

mental data for 4 keV, solid circles for 5 keV. For

reference, widths caused by Barker-B,rry broadening

(see the paragraph following to Eq.(7)) are shown by

straight lines parallel to the base line; i.e. these

widths are independent of observation angle.

Fig.6 Calculated Doppler shift as a function of observation

angle. Straight lines parallel to the base line

represent amounts of Barker-Berry shift (see the para-

graph following to Eq.(7)); i.e. these energy shifts

are independent of observation angle.

Fig.7 Potential curves of the Li + He and the Li + He

systems proposed for comprehensive interpretation of

the observed electron spectra. Concerning with

symbols used here, see the test. Please notice that

Coulomb repulsion energy, which is inversely propor-

tional to the distance, is subtracted in the potential

energy curves in the region of the distance smaller

than about R ; this subtraction gives a convenience

for an adequate illustration.

Fig.8 Ejected-electron spectra at the observation angle

0 = 90°. Impact energies of Li -ion are 5, 4, 3 and

2 keV (in laboratory system), as indicated on the

right side of each spectrum.

Fig.9 Ejected-electron spectra at the observation angle

0 = 60°. Impact jnergies of Li -ion are S, 4, 3 and
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2 keV (in laboratory system), as indicated on the

right side of each spectrum.

Fig.10 Ejected-electron spectra at the observation angle

0 = 120°. Impact energies of Li -ion are 5, 4, 3 and

2 keV (in laboratory system), as indicated on the right

side of each spectrum.

Fig.11 Ejected-electron spectra for the impact energy 5 keV

of Li -ion. Observation angles are 10, 20, 30, 60,

90 and 120 degrees, as indicated on the right side of

each spectrum.

Fig.12 Ejected-electron spectra for the impact energy 4 keV

of Li -ion. Observation angles are 10, 20, 30, 60,

90 and 120 degrees, as indicated on the right side of

each spectrum.

Fig.l3(a) Ejected-electron spectra for the impact energy 3 keV

of Li -ion. Observation angles are 10, 20, 30, 60,

90 and 120 degrees, as indicated on the right side of

each spectrum.

Fig.13(b) Calculated spectra for the impact energy of 3 keV

and at observation angles same as those in Fig.l3(a).

Fig.14 Ejected-electron spectra for the impact energy 2 keV

of Li -ion. Observation angles are 10, 20, 30, 60,

90 and 120 degrees, as indicated on the right side

of each spectrum.

Fig.IS Ejected-electron spectra at observation angle 0 = 20°.

In the spectral part that is interpreted to originate

from the molecular autoionization, a curve given by

- 36 -



a least-square-fit calculation using P(e) in Eq.(8)

is shown for each impact energy, E = 3.2, 2.2, 1.9,

1.6, 1.3, 1.1 and 0.8 keV.

Fig.16 Differential cross section vs observation angle for

2 1 1
autoionization of the (2p ) D and the (2s2p) P states

in He by 3 keV Li -ion impact.
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