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Observed cusp spectra for electron transfer to the continuum (ETC) of 0.6-MeV/u H+, He+,
and He + ions from hydrocarbon gaseous targets (CH4, C3H6, and C~H&6) are fitted to a generic ex-

pression of Meckbach, Nemirovsky, and Garibotti [Phys. Rev. A 24, 1793 11981)]. Six leading
terms of this formula are given here analytically. They were derived after the convolution of the
assumed expression for the ETC cross section with an analytical function that accounts for the
electron transmission through the electron spectrometer of specified longitudinal and transverse
velocity resolution. With given angles that determine the angular acceptance as instrumental pa-
rameters, formulas for these terms are expressed as universal functions of a single variable which
is the ratio of electron speed v to ion speed v;. The least-squares fit of these functions to experi-
mental cusps allows for reconstruction of the generic ETC cross section, which is not "polluted"
by finite resolution of the electron spectrometer. Key characteristics, the asymmetry and relative
width of deconvoluted cross sections, are discussed. The skewness in observed cusp spectra is

traced to the scattering angles that, relative to the spectrometer's half-angle of acceptance 0O, are
small; this is particularly seen in electron capture to continuum (ECC) data, while the spectra
dominated by electron loss to continuum (ELC) are more symmetric and less dependent in their
asymmetry on the scattering angle 0, The relative full widths at half maximum, {Av/U)„~HM, for
the deconvoluted ECC cross sections rise significantly faster with the increasing 0 than for the
ELC cross sections; this difference is obscured in observed cusp spectra by the finite velocity reso-
lution of the spectrometer. Relatively narrow resolution results in the preferential detection of the

highly forward scattered electrons whose velocity distribution conforms with the leading term,
1/

~

v —v; ~, for ETC cross sections. Hence, for all projectile-target combinations, the observed

spectra have the relative widths which are of comparable magnitude and in very good agreement
with Dettmann's prediction, i.e, , 1.50O. A comment on wakes as possible contributors to cusps ob-
served in ETC from large hydrocarbon molecules is made.

I. INTRODUCTION

The velocity spectrum of electrons, ejected into the
forward direction in the aftermath of ion-atom collision,
exhibits a cusp-shaped peak when the electron velocity v
matches the ion velocity v;. The etiology of this cusp is
attributed to electron transfer into the projectile's ion
continuum (ETC). The ETC can occur by various mech-
anisms of which the electron capture and loss are the
most prominent processes. When the transferred elec-
tron originates from the target atom, the projectile can
capture the electron into its continuum; this particular
ETC process is known as the electron capture to the
continuum (ECC) and it is the dominating process when
the projectile is a fully stripped ion. In addition to the
ECC contribution to the electron cusp, partially stripped
ions may shed their electrons in the electron-loss pro-
cesses to their own continuum (ELC). Moreover, in
solid targets a narrow component of the electron cusp
has been isolated' as a signature of an ETC from a wake
state that develops behind the projectile. This observa-
tion has stimulated others to search for the existence of
a narrow component in ETC spectra from molecular tar-

gets; the emergence of this component with the increas-
ing complexity of the molecules and lack of any alter-
nate consistent explanation, confirmed, in fact, that wake
formation in molecules of a sufficiently large extension is
possible.

Since the discovery of the electron cusp there has
been an undiminished interest in its nature, both experi-
mentally and theoretically, as documented in several re-
views on ETC. Earlier theories viewed the ECC pro-
cess in terms of a first-order perturbation approach to
the electron exchange amplitude and predicted a nearly
symmetry cusp. Experiments for bare heavy projectiles
and even for light hydrogenic projectiles resulted, how-
ever, in an ECC peak that was skewed in shape toward
lower electron velocities. This skewness has been ex-
plained in the second-order Born approximation, in
which transferred electrons are distorted by the ion.
No significant asymmetries, as expected in the Born ap-
proximation, were found in the cusps that were primari-
ly traceable to ELC. Symmetrical cusps were indeed
seen in bombardment by partially stripped heavy ions, '

although light and singly ionized ions exhibit certain
asymmetry in the cusp peaks. "
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Characteristics of experimental cusp spectra, such as
asymmetry and width, are in part determined by instru-
mental resolution of the electron spectrometer used in
the specific experimental arrangement. In this work we
review a modification' to the procedure' that was in-
troduced and developed for deconvolution of such spec-
tra so that an ETC cross section d o. /dv d0 —doubly
differential in the electron speed and angle of
scattering —could be extracted from the data. To ensure
a general utility of the Meckbach et al. method, ' we ex-
pand d o. /dvdO into the six terms that are expected'
to shape the cusplike spectrum. ' The novelty of our ap-
proach lies in an analytical convolution of these terms
with chosen instrumental resolution functions so that the
expansion terms, which represent the deconvoluted ETC
cross section, can be easily extracted from experimental
spectra. This procedure differs from the established
technique' ' that fits the data to a number of expres-
sions, which are constructed through numerical evalua-
tions of a double integral for each term and with stan-
dard, albeit cumbersome, nonlinear least-squares pro-
grams. We extract d o. /dv d 0—which can then be
meaningfully discussed vis-a-vis theories and direct ex-
periments for this doubly differential ETC cross
section —by a least-squares fit of our analytical functions
to the observed spectra.

In Sec. II analytical approximations to the spectrom-
eter's electron velocity resolution and angular accep-
tance functions are made so that formulas for convolut-
ed d o /dv d 9 can be derived. These formulas were
presented in Appendixes B and C of Ref. 12. After no-
tational modifications and removal of misprints in Ref.
12, they are reproduced in the Appendix of this paper.
In Sec. III, through numerical fits to the experimental
cusps, we extract the coefficients with which the expan-
sion terms —whose sum convolutes to the observed
yields —contribute to deconvoluted ETC cross sections.
Key characteristics, the asymmetry and the relative
width, of these cross sections are discussed in Sec. IV.
Section V concludes this paper.

II. INSTRUMENTAL TRANSMISSION FUNCTION

Electrons, generated in electron transfer to the contin-
uum processes with the cross section d o /dvd 0, are
detected through an electron spectrometer. The mea-
sured electron yield Y is a convolution of this cross sec-
tion with the spectrometer's transmission function T for
electrons of velocity v,

Y= f T(v) d o. /dv dOd U,

where d v =v dv sinOdOdg is the volume element in the
electron velocity space into which the transferred elec-
trons are scattered. The kinematics of this process is
pictured in Fig. 1. Since d o. /dvd 0 diverges when
v~v; (v'=v —v; ~0), experimental resolutions [i.e. , the
acceptance of produced electrons in electron speed U (or
energy E = U /2 in atomic units) and in solid angle
d 0=sinOd Odg] are decisive in determining the mea-
sured shapes and widths. These acceptances are
represented in Fig. 1 approximately by a cylindrical

p I 2Rv

8 Y

FIG. 1. The electron v minus the ion v;, velocity dift'erence
v'=v —v;, is shown to illustrate the kinematics of the forward
scattering in the velocity space. t9 and 0' are scattering angles
of the transferred electron in the rest and moving frames of the
ion. For definitions of Oo and R see text.

"resolution volume"' of height 2Rv and diameter 20pv.
Note the cylinder radius is obtained from v tanOp in the
small-angle approximation (which is valid when 90 is a
few degree angle), while the cylinder height represents
b, v taken as full width at half maximum (FWHM).
R =(b,v/U)HwHM is the experimental relative resolution
in the electron speed; note that R is half of the experi-
mental relative resolution in the energy spectrum of a
spectrometer, (hE/E)HwHM=2R. The angle 90 is the
half-angle of the spectrometer's angular acceptance cone.
R and Op set the limits for longitudinal and transverse
velocity resolutions, respectively.

ETC electrons are emitted in a forward cone that has
a perfect azimuthal symmetry in the angle P, the symme-
try which is unspoiled by spherical electron spectrome-
ters. As we restrict our discussion to data taken with a
spherical electron spectrometer, it is only the finite angu-
lar acceptance function e(9) and a limited electron
speed resolution —as defined by the spectrometer's
transmission function V(v) —that will ultimately shape
the measured output as the observed electron spectrum.
One usually assumes ' that the overall transmission
function can be taken as a product of the speed and an-
gular function, i.e., T(v)= V(U)e(9). With this separa-
tion of variables in the azimuthally independent T, Eq.
(1) gives

Y=2~ f e(9) f V(U)d o /du dOv dv sinOdO, (2)
0 0

where, by the mean-value theorem, d o. /dv dO is essen-
tially undistorted by the electron speed dispersion in the
electron spectrometer of a sufficiently small R. With the
leading term of d o /dU dO proportional to 1/

~

v —v;
this cross section has a cusp at v=v, where the cross
section becomes a singular function of v at 0=0. Not-
withstanding the singularity of d o. /dv dO, the integrand
of Eq. (2) involves sinOd cr/dv dO which is analytic. Its
dominating term, sinO/

~

v —v, , converges to 1/U; as
&(1+cosO)/2(1+R )/U, when R « l. At 9=0' in par-
ticular, sinO/

~

v —v,
~

&(1+R )/U, in the small neigh-
borhood around v =v;. Thus a Taylor-series expansion
of this integ rand around the center of the
[v (1—R),v(1+R)] interval is admissible even at 9=0.
The convergence of the series is required only on this in-
terval; the HWHM of V(U ) suffices as the radius of con-
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vergence for this series. In the R «1 limit, each term
of the series expansion —independently of 0—integrates
to its value at U multiplied by a common factor of 2U R.
Thus in the R ~0 limit, Eq. (2) transforms efFectively
into

X=2~ f 6(0) d o /du dOsinOd0 f V(U)U du . (3)

It should be noted that Eq. (3) derives from Eq. (2) at
any angle 0; in particular, it is not necessary that R
should be smaller than the half-angle of acceptance 0o as
long as R «1. In many observations of cusp spectra,
including the data to be analyzed in this work, R is com-
parable to 00 and yet the cardinal requirement of small
R is well satisfied. For the simplest choices of the V(v)
function, a rectangle and a triangle of identical heights
and widths at half maximum, one obtains respectively,
2U A(1+8 /3) and 2U 8 (I+28 /3). With A «1,
which is characteristic of electron spectrometers, both
rectangular and triangular windows of equal area filter
through identical volume of electrons, 2v R =v Av, in
the electron velocity space.

An experimentally determined angular acceptance
function, 6(0), has typical behavior as shown in Fig. 2.
The angle 0 is measured with respect to the principal
axis of the spectrometer which, since one measures
forward-emitted electrons, coincides with the direction
of the ion beam. If all electrons were to originate from
the same point, a distance d in front of the
spectrometer's entrance ~indow of width m, then the

6(0) would be given by a step function that vanishes for
angles larger than the conventional half-angle of accep-
tance Oo= tan '(w/2d). Experimental calibration of
electron points (see Fig. 3 of Ref. 13) points to a less
abrupt change of 0 from 1 to 0 in the vicinity of 0O. We
attribute this to a finite spatial extension from which the
electrons are accepted into the spectrometer. The fol-
lowing two characteristic angles are introduced: 0, , the
angle below which a11 electrons are accepted and 02, the
angle above which none of the electrons can enter the
spectrometer. Finite dimensions of the cell region from
which ETC e1ectrons originate —I taken longitudinally
along principal axis of the spectrometer and t being its
size measured transversely to it —define
0& ——tan '[(w/2 t/2)/(d — I/2)]—and 02 —tan '[(w/2
+ t /2)/(d —I /2) ] which converge to Oo only in the
t « w and I «d limits (see Fig. 1 of Ref. 12).

We have considered the following analytical approxi-
mations to simulate experimental 6(0) with an increas-
ing accuracy. As the measured 8 appeared to equal —,

' at
00——(0, +02)/2 (Ref. 13), we considered simple functions
that satisfied this condition and were equal to 1 and 0
for 0&0, and for 0&02, respectively. A step function
0=1 for 0&0O and 0 for 0&0O, which on the average
equals —,

' at 00, was the simplest choice. However, in the
neighborhood of 0O, the step function overestimates the
experimental angular acceptance function for 0 & 00 (and
it underestimates the experimental 6 for 0 & Oo) too
severely. A triangular approximation, 6=(0z —0)/(02

f.0

0.8—

0.4—

p

pO 30

FIG. 2. Angular acceptance function for an electron spectrometer. The curve is drawn according to Eq. (4) which is utilized in
our work as a realistic and analytical form for e. This curve was calculated with Ol ——2. 36 and 0,=3.88' that correspond to the
instrumental arrangement in which the provided' data were gathered.
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—9, ) in the 9& & 9 & 92 range, still appears to be unsatis-
factory. A quadratic form for e could not be fit given
our restrictions. A polynomial of at least third degree in
9 would have been required; the 9 integration in Eq. (3)
would amount to four types of integrals. Two of them
due to the 0 and 0 terms are elliptic integrals, which
would be very inconvenient for further use in numerical
fits of the electron spectra. Thus we introduce 0 as

1, 0(0)

significant to ascertain their importance as they charac-
terize deviations of observed spectra from a simple
spherically symmetric shape around v '. Equation (5)
employs a generic formula for d cr/d vdO of Eq. (5) in
the sense that it describes a general class of cross sec-
tions characterized by the prominent forward peak; its
specificity can be only established when ETC is dom-
inant by an exclusive mechanism. For the ion beam of
fixed velocity v; and the spectrometer characterized by
0, and 0z, one obtains the ETC yield spectrum

e= ap+a~cos0+a2cos 0, 0~ (0(0q
0, 0&0&

(4)
Y(v;v;, Oi, 92) = g B„i(v; ) U„~(v;v;, Oi, Oq)

n, l

with ao+a, cosO;+a2cos 9;=5;, (i=1,2), to satisfy the
continuity of e at 0;, and with ap+a&cos0p+a2cos 0p
=—,

' so that the experimental behavior of e is accurately
mimicked. An expansion of 8 into powers of cos0 al-
lows further integrations in Eq. (3) to be performed
analytically as it was done in Appendixes B and C of
Ref. 12; the termination of the expansion at cos 0 term
suffices to reproduce the experimental angular accep-
tance of an electron spectrometer [see the curve accord-
ing to Eq. (4) in Fig. 2 and compare it with Fig. 3 of
Ref. 13]. Given the three constraints imposed on 6 of
Eq. (4), the coefficients ao, a, , and az can be easily found
by Gaussian elimination for fixed values of 0& and 0z.
Explicitly in terms of p, —:cosO, (i =0, 1,2),

ax =(po pl/2 —p2/2)/[(pl —p2)(pl po)(po p2)) +1
= I/(p) —pq) —a2(p)+@2), and ao ———p2(a)+p2a2).

III. FITTING OBSERVED CUSP SPECTRA

Inspired by predictions of Dettmann' for ECC cross
sections, as well as by later treatments of the ELC pro-
cess, Meckbach and co-workers' proposed to expand
d o. /dv d0 into a finite series

n

d crldv dO= —,+B„, —P, (cosO'),2 1 v'

n, l t

(5)

where v'=(v +v; —2vv, cosO)' and cos9'=(v cosO
—v, )/v' are the electron speed and scattering angle in
the frame of the ion moving with a speed v, . Figure 1

shows their relation to v, v, , and 0 in the laboratory
frame in which the cross section d cr /dv dO of Eq. (5) is
measured. In Eq. (5) we have departed from Eq. (6) of
Ref. 13: v' under the sum has been replaced with v'/v;
so that —irrespectively of any chosen units of vel-
ocity —both the n =0 and n =1 B„& coefficients will al-
ways have the same units of the cross section.

The leading term (n =0 and l =0) in this expansion
accounts principally for the singularity of d o. /dvd0 as
v'~0; the Legendre polynomials P~ with I &0 allow for
possible deviations ETC cross sections from the spheri-
cal symmetry in the v' space. B„~ in Eq. (5) were' the
electron velocity independent coefficients; fixed for given
velocity v; and type of projectile, they are to be obtained
from a fit to the experimental cusp spectra. The relative
magnitudes of various terms in Eq. (5) were considered

as a function of the detected electron velocity v. The ex-
pansion terms

'n —1

U„( —= (4~Rv /v; ) J — P((cosO')e(9)sinOd9
p v].

were evaluated by Meckbach et al. ' numerically using a
rather primitive step function approximation to e. To
make the Meckbach et al. method more versatile, we
have presented' analytical functions for U„~ that —to
force this method to conform with a more realistic ac-
ceptance function —are based on e of Eq. (4). Formulas
for U„& are reproduced in the Appendix. Our procedure
allows for a straightforward comparison of theories for
ETC processes with a reconstructed d o. /dv d0 of Eq.
(5), rather than with the observed cusp of Eq. (6). The
experimental yield for electrons transferred to the
projectile's continuum in the detected spectra is veiled
by instrumental distortions that seriously obscure the
clarity of conclusions about the asymmetry and width
characteristics of ETC cross sections.

Meckbach et a1. ' truncated Eq. (6) to four terms with
the lowest indices n and J', i.e., with n =0, 1 and l =0, 1.
Berry et al. ' have extended the I summation up to the
$ =2 terms. The recent fits' indicate that these "d-like"
terms are relatively insignificant for the fit quality. Such
inferences stem, however, from analyses of the cusp
spectra obtained from He+, He +~ He collisions; the
l =2 terms could be important in the asymmetric col-
lisions that were analyzed in Refs. 13 and 14. Andersen
et al. use the n =1 terms to fit their H+, He +~He
data, but dismiss these terms as inaccurate. They argue
that the n =1 terms, probing the character of observed
spectra in the wings, do not clearly associate with ETC
production because an underlying contribution of direct
ionization surfaces in the cusp wings. This obstruction
due to direct ionization could indeed be significant in
symmetric or nearly symmetric collision systems. In
more asymmetric collisions, such as for the data that we
will analyze, direct ionization is expected to be a lesser
contributor to the observed spectra. Thus we have
fitted' the provided H+,H + ~C„H electron yields'
to a six-term expansion,

P =Bpp Upp+Bp] Up] +Bp2 Upp+B ]p U)p

+B (& U&]+B i2 U)p,
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the angular acceptance of the spectrometer. For a
specified spectrometer, they depend on the scaled vari-
able x = v /v; only. The cusplike behavior of S„and D„
terms and the asymmetric character of P„ terms are we11

known. ' ' Universal scaling of these terms, with
respect to a single variable, emerges as a result of this
work. It is evident from Fig. 3 that the n = 1 terms are
typically one order of magnitude smaller than the n =0
functions. To ascertain the importance of all terms, we
have fitted experimental cusps using Eq. (8) as well as
five- and even four-term expansions. Using the R
correlation coefficient, ' we have established that six-
term fits were indeed very good; for all spectra
0.9980(R (0.9998.

With five-term fits obtained by elimination of one term
in Eq. (8), the deletion of Uo, (i.e. , Po) or Uoz (i.e., Do)
led to the worst results for H+ and He + spectra; the el-
imination of Po was the most disastrous. As seen in Fig.
3, this was the major asymmetric term in Eq. (8), while
Do was the main term to be influential in the wings of
the cusps. Thus cusps for fully stripped projectiles are
asymmetric. On the other hand, for the He+ cusp the
deletion of Po was not critical since ELC dominated this
cusp and ELC spectra were apparently symmetric. This
also has been noted by Gulyas et al. in Fig. 2 of Ref. 15.
In fact, the most symmetric terms (So and Do) became
the most important contributors to the cusp for the sing-
ly ionized helium. For all projectiles and target com-
binations, Si and Di were of least importance to the
quality of the fit. A five-term fit produced by the elim-
ination of either of these terms is essentially no different
from the Eq. (8) expansion. This could be anticipated
because the S& and D

&

—originating from the 1/v; terms
of Eq. (5) as opposed to the 1/v' terms that generate the
cusp peak —affected primarily the cusp wings. Gulyas
et al. ' simply omit the D& in their fit of He +-induced
cusps and observe that the S& reflects the stability of the
beam parameters rather than the true background for an
ETC process. Out of the n =1 terms, the P, term has
the greatest utility; especially when a fine reproduction
of the cusp asymmetry is desired. Its interpretation
should nevertheless be treated with caution; being im-
portant only in the wings, the Pi term might arise be-
cause of the distortion of ETC cusps by direct ioniza-
tion. ' Inaccuracies in the subtraction of the nontarget
electron yield, which are the greatest in the wing region,
could also falsify the true meaning of the fitted P& term.

General conclusions drawn from a single-term elim-
ination hold when four-term expansions are considered.
The deletion of pairs that contain Po or Do from Eq. (8)
gave significantly worse fits for fully stripped projectiles;
eliminated pairs with So or Do resulted in worse fits to
He+ cusps. On the other hand, the four-term expan-
sions without either Si or D

&
were no different from the

six-term fit; they were statistically identical at least on a
90%%uo confidence level. Out of the n =1 terms, P& is the
most significant because it can account in the greatest
measure for asymmetries in ETC cross sections. General-
ly the elimination of the pairs that contained neither S&
nor Di resulted in fits which could be equated with the
six-term fit only at a low, 30% level of confidence.

IV. DECONVOLUTED ETC CROSS SECTIONS

We have fitted all six spectra using Eq. (8) and ob-
tained a table of B„& coefficients for these data. We
present them in Table I after normalization to the
coefficient Boo of the leading term so that their relative
importance in a given spectrum can be easily recognized.
We did not know the normalization of the provided
yields and hence we could not extract the singly
differential cross sections at the cusp peak, in terms of
Boo as it was elegantly done at Arhus University (Refs.
16 and 20). Table I exhibits, nevertheless, systematics in
the relative contributions of the terms into which
d o /dv dO will be expanded in Eq. (9). B&o and B&z
show the largest variations from spectrum to spectrum,
which supports the conclusion drawn in Sec. III that the
U, o (i.e. , S, ) and U, ~ (i.e., D, ) terms are of least
significance to the quality of fit. The most asymmetric
term out of the n =1 terms, U» (i.e., P, ), has B» of
about order of magnitude smaller for He+ generated
spectra than for cusps induced by fully stripped ions.
The importance of the asymmetric term Bo, for fully
stripped projectiles and the decisive emergence of most
symmetric term Boo in the He+ spectra confirm again
that the asymmetry character of cusp is a good signature
of the ECC mechanism while its symmetry signals a
strong ELC contribution. With the exception of B ii for
the He + ~CH4 spectrum, ' in all fits Bo, , B» and Boz
are negative which means that for fitting purposes, in
effect, the P terms are inverted and a rather deep nega-
tive dip which Do exhibits contributes positively to a
cusp peak in the expansion of Eq. (8).

The values of the fitted B„I coefficients are in general
agreement with the fits performed by other' '; in par-
ticular, they are consistent with the compiled Bo& values
in Ref. 16. For Boi, from fits to the spectra of fully
stripped projectiles on CH4 and C3H6, we obtain about—0.6 and —0.5. This is good agreement with other ex-
periments for various projectiles' '' when scaled to our
proton data, but falls somewhat below the —0.3 value
that is characteristic of Bo, coefficients found in Refs.
14—16 after their scaling to our He + results. Our
Bo, = —0.3 for H+~C7H, 6 appears to be inconsistent
with —0.6 to which all data, including ours for small
hydrocarbons, appear to converge. It is known that
wakes lead to a positive Bo& in ETC from solid targets;
perhaps a lesser asymmetry in the largest molecular tar-
get is a signal of the wake developed in C7H&6. ECC cal-
culations for Boi differ so as to bracket it with too large
a margin for a definitive distinction among experimental
values of Bo&. For 0.6-MeV/u H+,He +, theoretical
predictions of this asymmetry parameter range from as
large as —20/3v, (i.e., —1.4 at v; =4.9), through about
—0.6 as calculated by Jakubassa-Amundsen (and shown
in Fig. 3 of Knudsen et al. in Ref. 16), to as small as
—0.25 (see Macek et al. in Ref. 8 and more recent Refs.
24 and 25). For He+ spectra, dominated by the ELC
process, we obtain Bo&

———0.29 and —0.25 in CH4 and
C7H&6, respectively. ELC theories are more uniform
than the ECC theories ' in the predictions of Boi ..
They calculate that this anisotropy parameter in the
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TABLE I. The fitted coefficients B„& of Eq. (8) normalized to B«which corresponds to the So
term, the leading term in the expansion of the cusp peak around v'=0. The product of B„I and
(u'/u;)" P~( cosO')/ u' gives the terms of expansion for ETC cross section [see Eq. (5) after this cross
section is normalized so that its leading term equals 1/u'].

Projectile~ Molecule

H+ ~CH4
H+ ~C3H6
H+ ~C7H]6
He~+ ~CH4
He +~C7H]6
He+ ~CH4
He ~C,H, 6

Boo Bo]

—0.559
—0.516
—0.282
—0.575
—0.426
—0.294
—0.245

Bo2

—0.0842
—0.0931
—0.1048
—0.0540
—0.0894
—0.0552
—0.0390

B]o

3.528
—1.239

6.232
—6.572
—0.216

0.510
—2.795

—2.119
—1.063
—5.522

0.401
—1.970
—0.455
—0.266

B]2

0.203
0.717
1.321
1.410
1.440
0.575
0.187

Terms of ETC
cross section
[see Eq. (9)]
d~o. /du de :1/u ' cosO'/u' (3 cos 0' —1)/2v' 1/v; cosO'/v; (3 cos 0' —1)/2v;

Terms of ETC
yields

[see Eq. (8)]
U„,

4' v;
So Po

ELC from a 0.6-MeV/u He+ is only very slightly nega-
tive (in a rather narrow range of —0. 1 &Bp, &0.0). Ex-
periments of Ref. 15 confirm these predictions in
He+ ~He spectra. Our Bo, indicates somewhat larger
anisotropy, perhaps because a relatively greater fraction
of ECC electrons contributes to the ETC cusps that
originate from the bombardment of hydrocarbons by
He+

Using B„t of Table I we can reconstruct d o/dv dL9
for any v and 0, modulus a constant normalization fac-
tor, as

0' /du d O = [Bpp +Bpt cosO +BpzPz ( cosO ) ] /u

+ [Btp +B t t cosO'+ BtzPz ( cosO' )]/u; . (9)

This is the cross section that would be measured in the
laboratory frame if no errors were to be introduced
through the detection process. It should be interpreted
as a generic form for any ETC doubly differential cross
section, although in its original formulation [see Eq. (8)
of Cxaribotti and Miraglia ] Eq. (9) was devised
specifically for ECC. A multiplication of this cross sec-
tion by (v'/u ) transforms it to (d o /du dO) „„,its value
in the projectile frame. A further division by v' results
in (d o IdE dO) „„=IBpp+Bp&cosO'+ BpzPz(cosO')
+ u'[B,p+B„cosO'+ BtzP( zcsoO)] /UI/u . A subse-

quent integration over all angles gives (drr /dE )„„„
=2rrBpp/E at E'=0 (Refs. 16 and 20). It is obviousz7
that for an extension of the energy spectrum of ETC
cross sections beyond the tip of the cusp, i.e., to the elec-
tron energies E'~ 0 with respect to the projectile, the ex-
pansion in Eq. (5) has to include terms with n &0. In
fact, the limitation to n =1 terms made in the existing
expansions' ' might be too restrictive so that a reliable

extraction of do. /dE outside the cusp neighborhood is
precluded. Yet, as recalled by Burgdorfer, all n &0
terms lead to conceptual difficulties in a meaningful
comparison between experiment and theory.

Whether a singly or double dift'erential cross section, it
is its deconvoluted form that ought to be compared with
theoretical predictions for ETC processes, rather than
the observed yield which is distorted by finite resolution
of the electron spectrometer. We will look at two as-
pects that characterize ETC processes and ultimately
determine the shape of d o. /dv dO as a function of the
electron speed at selected 0 angles. The shape of the
ETC cross section can be delineated in terms of (i) the
asymmetry or lack thereof for this cusplike cross section,
(ii) the full width at half maximum (FWHM) normalized
to u at the cusp maximum, i.e., (b.v/u)FwHM. Ideally,
both these aspects should be experimentally studied as
functions of the average acceptance angle Oo and ion ve-
locity v;. All spectra at our disposal were produced at
the same 00 and v; and thus we cannot make any state-
ments on the dependence of asymmetry or of width on
these variables. Nevertheless, the extracted cross section
of Eq. (9) can be investigated as a function of the ejected
electron speed v and scattering angle t9. We therefore,
after a quantitative discussion of the observed asym-
metry in the provided spectra, will examine ETC elec-
trons before their velocity distribution is altered upon
the entrance into electron spectrometers from spatially
extended interaction regions.

As a measure of asymmetry we define 2, a ratio of
counts on the low-velocity side of the peak maximum to
the number of counts on its high-velocity side. Counts
collected in the peak channel are halved and as such
added to all counts in the channels below and above the
peak channel. For the provided spectra, ' the empirical
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values of A were 2.0 for fully stripped projectiles and 1.1
for the singly ionized helium ions. The skewness sys-
tematics mentioned in the Introduction are very well
manifested by these data: Bare projectiles result in dis-
tinctly asymmetric peaks, while He+ ions yield nearly
symmetric cross sections around v

' =0. These charac-
teristics are consistent with the notion that ELC process-
es, which on theoretical grounds give rise to symmetric
or nearly symmetric cross sections, dominate over the
ECC mechanism when the bombarding projectile comes
with an electron. Conclusions drawn in this paragraph
on the basis of experiment apply similarly to our fitted
cusps of Eq. (8) since these fits faithfully reproduce the
data. The fitted cusps, however, offer a distinct advan-
tage in the definition of the asymmetry factor. One can
determine A more adequately through numerical in-
tegration of the fitted cusps below and above v/U; =1:
An ambiguous assignment of the peak channel counts to
the left and right sides of the peak does not have to be
made. We have calculated A for all spectra as the ratio
of fitted cusps integrated over the 0.9—1.0 and 1.0—1.1
ranges of U!U;; the 0.1 interval in U/U; on both sides of
the fitted peaks corresponds to the range of channels
over which the analyzed cusps were measured. There
was no systematic dependence of A on the target com-
position and this asymmetry factor did depend on the
nature of the projectile. The upper band in Fig. 4 covers
all A's for fully stripped projectiles which produced
cusps with the significant asymmetry. The lower band
brackets the asymmetry factor in He+ generated cusps
where the ELC masks the asymmetry that are so indica-
tive of ECC processes. Such a correlation of the skew-
ness with the charge state of the projectile has been ob-
served and explained before.

We can now obtain a deeper and more revealing un-
derstanding of the asymmetry by stripping the observed
cusps of the instrumental distortion introduced by the
electron spectrometer and finite extension of the ETC in-
teraction region. Equation (9) allows us to investigate
the asymmetry of d o. /dU d0 as a function of 0. Figure
4 reveals that for typical spectra in which 0 is at most a
few degrees, the asymmetry originates at the angles that
are small relative to 0O. The only exception was the
skewness of d cr/dv dO extracted from the He +~CH4
spectrum; its A hovered around a factor of 3 for all an-
gles 0. We attribute this anomaly to errors in the pro-
vided spectrum; ' the A of He +~CH4 deconvoluted is
not shown in Fig. 4. An analysis of the asymmetry sys-
tematics in the extracted d o. /dv d0 for all other pro-
vided spectra, illustrated in Fig. 4, suggests that is more
symmetric ELC cusps the asymmetry dependence on 0 is
less pronounced. This behavior of ETC cross sections as
a function of the scattering angle 0 has not been men-
tioned in studies of experimental cusps. It escaped pre-
vious notice because the observed cusps are composites
of the d o/dU d0 cross section convoluted with an in-
strumental tranmission that filters through the most
forward-ejected electrons. The skewness of calculated
ETC cross sections remains a useful quantity in the tax-
onorny of experimental cusp spectra because spectrome-
ters do not critically affect the most forward-scattered

3.0 I I I

CH,

CH
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2.0—

2+
0 ~ 0 e

e+

AC H

/////y
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FIG. 4. Asyrnrnetry factor A defined in the text as a ratio of
the low-velocity to the high-velocity side of deconvoluted cusps
vs the scattering angle 0. The shaded bands bracket A values
for fully stripped (upper band) and hydro genic projectiles
(lower band) are based on the fitted cusps to the observed spec-
tra; these A's represent the asymmetry of ETC cusps prior to
their deconvolution and as such are 0 independent. The
deconvoluted cross sections d o. /dv dO of Eq. (9) show that the
asymmetry originates at small scattering angles. The dashed
curves for fully stripped ions demonstrate that this behavior is
particularly symptomatic of ECC mechanism as contrasted
with the solid curves for He+ which —as a hydrogenic
projectile —predominantly contributes to ETC through ELC
processes that are more symmetric.

electrons that shape observed cusps. Nevertheless, an
intercomparison of the skewness in ETC spectra —taken
for the same collision systems but with different detec-
tion systems —requires a priori extraction of the ETC
cross sections from such data.

The deconvoluted cusp, free of the instrumental bias,
gives also a more probing understanding of the relative
width behavior in electron cusps. Prior to the deconvo-
lution, the cusps —based on an analysis of observed
count versus channel distributions —had (b,u /v )FwHM
which ranged from 0.058 to 0.064. A more adequate
analysis based on the fitted spectra gives (b,u/u )FwHM in
the 0.056 to 0.082 range (see the shaded band in Fig. 5).
The relative widths did not exhibit systematic depen-
dence nor significant difference among the various
projectile-target combinations. Their values gravitated
around 2R =0.06, i.e., the instrumental full width at
half maximum of the spectrometer's V(v). Conventional
studies involve (b,v/v )FwHM as a function of Oo, and
center around the prediction by Dettmann' that
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FIG. 5. Velocity full width at half maximum, AvF~HM, rela-
tive to the velocity at the peak maximum vs the scattering an-
gle 0. Spectra for all projectile-target combinations have
(Av/v)F~HM within a relatively narrow range of values (shown
by the shaded band) because of the common and critical irn-

print of the spectrometer whose 2R resolution was 0.06. These
relative widths are in basic agreement with Dettrnann's predic-
tion of Ref. 17, in which 0 is set at the conventional acceptance
angle 0o (3.12' for the experimental arrangement of Ref. 18)
and only Boo/v' is assumed to calculate the width of experi-
rnental cusps. The widths of deconvoluted cusps, the dashed
curves for fully stripped projectiles and solid curves for singly
ionized helium, indeed converge in the small-angle approxima-
tion to the line marked 2&30, which is the calculated
(Av/v)F~HM for a 1/v' cross section. At angle larger than 1,
the width of the deconvoluted cross sections vs 0 diverges from
this line. This split could be indicative of the difference be-
tween ECC and ELC cross sections, the width difference that is
masked in experimental cusps by the relatively narrow velocity
resolution of the spectrometer.

(hv/v)FwHM ——1.50o. For our spectra (with 0~=0.0545
rad), Dettmann's formula gives (AU /U)FwHM ——0.082,
which is in agreement with the (b, U/v)„wHM that we
have obtained from the fitted spectra. However, the va-
lidity of making direct and absolute comparisons be-
tween experimental widths and theoretical predictions
might be questioned. Such comparisons are always
problematical when the relative cusp widths (b, u /
U)FwHM are not much less than 2R; for spectra ana-
lyzed in this work, the relative width is comparable to
2R. The R =0.03 resolution could impose stringent lim-
its as to how wide the observed peaks are. Such an in-
strumental resolution eliminates the ETC electrons of
relatively large velocity spread; production of these elec-
trons could be critically dependent on the mechanism of
the electron transfer to the projectile's continuum.

Thus it is instructive to look in Fig. 5 at (b, U/U )„wHM

in d o. /dv dO of Eq. (9) plotted versus 0. We could fit
the relative widths of all deconvoluted spectra to
(~U /U )FWHM (3 3+0.2)8 for 0 & 0.0175 rad= 1'. For
0& 1', (bu/U)FwHM versus 9 diverges from a straight-
line dependence to different degrees for different
projectile-target combinations (see Fig. 5). In the small-
angle limit, all ETC cross sections converge to B/U',
which is the leading term of the expansion in Eq. (9).
The relative full-width at half-maximum for this term is
2&3tanO. For angles less than a few degrees (this
means for all 0 in Fig. 5), this formula is very well ap-
proximated by the straight line marked 2&30. In fact,
Dettmann's 1.50o obtains only in this linear approxima-
tion to (Av/U)„wHM for the convoluted cusp. The rela-
tive widths of our deconvoluted spectra indeed converge
to the 2i/38 line for 9 & 1'. At larger angles, the terms
other than Boo /U

' begin to influence the width
(b,v/v)FwHM. Neglecting the He +~CH4 curve since it
was based on inaccurate spectrum, ' it appears that ECC
cross sections due to fully stripped projectiles (dashed
curves in Fig. 5) are characterized at larger angles by
somewhat wider width than the width of the leading
term. By contrast, the width of the ELC cross sections
(He+ ~CH4, C7H&6 solid curves in Fig. 5) rises less
steeply with the increasing 0. Such a statement is more
speculative, however, since residual ECC contributions
could hinder this trend. Note that the leading term of
Eq. (9), to which all extracted cross sections converge in
the limit of the small acceptance angle, generates a cusp
whose width is predicted by Dettmann's theory. ' If the
velocity resolution of the electron spectrometer were
significantly wider than (AU/u )HwHM ——R =0.03 for the
presently analyzed data, the observed cusp width could
result in a substantial disagreement with the Dettmann's
prediction and the width of this cusp would be more sen-
sitive to the nature of the projectile-target system. The
narrow transmission window in speed allows preferen-
tially for small (0& 1') angle contributions to the cusp;
since the leading term becomes increasingly important as
0~0, all observed spectra are in essence dominated by
this term, i.e., they exhibit similar widths (as covered by
the shaded band of Fig. 5). Hence —irrespectively of
ETC mechanisms and contrary to the very recent
claim —1.50o agrees excellently with (b.UIU)„wHM of
convoluted cusps.

V. CONCLUSIONS

We have fitted the provided cusp spectra with a six-
term expansion into characteristic functions, which were
derived analytically after the introduction of analytical
approximations for the transmission function in the
detection of ETC electrons. Criteria for goodness of fit
were established using the R method of statistical
analysis. A discussion of optimal expansions for the
fitting of experimental yields was made. The significance
of various terms in such expansions was determined.

The fitting coefficients from a linear least-squares pro-
gram' allowed for reconstruction of the deconvoluted
ETC spectrum, d o. /dU d0, as a generic ETC cross sec-
tion which —being free of instrumental distortions—
could be compared directly with theoretical predictions
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for ECC and ELC processes. Extracted ETC cross sec-
tions gave a better understanding of the origin of cusp
asymmetry in these processes. We discovered that con-
tributions to asymmetry come at small angles (9&90).
Deconvoluted ETC spectra gave also a better under-
standing of widths in the observed cusps. We have
found that the experimental velocity transmission win-
dow affects the data by filtering through highly forward
scattered electrons and thus resulting in the cusps of ap-
preciably narrower widths than expected from
d o /dv dO. Widths of ETC cross sections are truncated
by the spectrometer so as to obscure the difference be-
tween ECC and ELC cross sections.

A comment on the existence of wakes in molecules
can be made in view of our findings. We note that the
deconvoluted spectra had widths which were proportion-
al to 0, at least in small-angle approximation. In fact,
the widths converge to zero when 0~0 . This could
prevent speculation on the possible wake-state origin of
the ETC electrons from molecular targets since the wake
theory predicts that the width should be 0 indepen-
dent. It has been recently discovered by Elston et al. '

that wakes are signified by the presence of high-I contri-
butors in Eq. (5). By limiting our analysis to t &2, we
might have forcefully mislabeled high-multipole contri-
butions of wakes. If wakes were to arise, the D terms
would be most sensitive to their existence in such a res-
trictive analysis. Except for the He+ spectra, in which
ELC overshadows possible evidence for wakes, Table I
indeed displays the enhancement of the B„2 terms when
larger molecules are analyzed. As we have mentioned in
a discussion of B0&, the formation of wakes in C6H]7
might explain B0& = —0.3 as contrasted with —0.6 in

CH4. These results support an affirmative answer to the
question posed in Refs. 2 and 3 on the wake formation
in large hydrocarbon molecules.

A comparison of the findings about characteristics of
d a/dvdt9, that were inferred here from deconvoluted
cusp spectra, with the direct measurements of the doubly
differential ETC cross section —which become available
in a new generation of experiments that map experimen-
tal contours of d o /dv dO in the v-0 plane ' —would be
of interest. We hope that our results, codified in an ex-
pansion series with identification of critical and charac-
teristic terms, will serve as a stimulus for further
theoretical investigation into the shape and origins of the
ETC cusp. It is our expectation that further systematic
measurements of the cusp shape (especially as a function
of the collection angle) and their analysis with analytical
formulas that account for a variety of possible instru-
mental resolutions, will provide more insight into the na-
ture of the ETC cusp asymmetry and its width. Known
difficulties in making a comparison between convoluted
data taken at different laboratories have been reiterated
recently by Man et al. Deconvoluted cross sections
are needed. Experiments for identical collisions, per-
formed with spectrometers of different resolution, can be
compared as equivalent once the observed yields are
stripped of the distortions caused by the detection pro-
cess. Theoretical predictions —for example, from ETC
viewed as an electron transfer to high Rydberg states ex-

2

+ g a [L~(p, ;x ) L~(p2, x )—],
j=0

(A 1)

where L„, with u' and 9' defined below Eq. (5), are the
integ rais

L„(p;x ) =x' f (u'lu; )" '(cos9)'Pi(cos9')d(cos9)
(A2)

with L =S, P and D for 1 =0, 1,2. The L„(p;x) are
functions of p=cosO and x =v/v;. The integrals of Eq.
(A2) were calculated analytically in Appendixes B and C
of Ref. 12. We show L„ofEq. (Al) in Fig 3and .repro-
duce them in this appendix without the derivation which
was presented in Ref. 12. Below we list the formulas for
L„'(p;x) in terms of y

—= (1+x —2px)' so that these
formulas can be displayed compactly; at x =p the ETC
cross section of Eq. (5) exhibits peaking behavior. The
formulas for six L„'s with n =0, 1 and L =S, P, and D
are grouped in the following according to the j super-
script. Note that only the j =0 integrals would be need-
ed if the angular acceptance function 8 were to be ap-
proximated by the step function.

j =0 integrals

The j=0 integrals include the following:

0 2S0 ———x y,
poo = —x2[xp, —(1—x 2)lny ]/2,
D = —x [y +2(1—3x )y —3(1—x ) /y]/8,

0 3Si=x p

P, =x [y l3-+(1—x )y]/2,

D, = —x [3y —8(1 —3x )xp+12(1 —x ) lny]/32 .

trapolated into the continuum —could be compared
directly with the deconvoluted cross section. The un-
folded data may be tested against doubly differential
measurements and theories for ETC cross sections;
mechanisms for the electron transfer to the projectile's
continuum should hence be better understood.

We plan to extend the utility of the Meckbach et al.
deconvolution procedure' by supplementing the derived
analytical functions U„I (n =0, 1, l =0, 1,2) with U„~ for
larger n and I. The n ~ 1 functions are desired to extract
ETC cross sections beyond their cusp peak value, while
the l ~ 2 functions should be pivotal for a firm conforma-
tion of the existence of wakes in large-size molecules and
for a systematic investigation of the multipole wake con-
tent in solid targets.

This paper is based on thesis presented by Y. C. Yu in
partial fulfillment of the requirements for the degree of
Master of Science in Physics at East Carolina Universi-
ty.

APPENDIX: ANALYTICAL FUNCTIONS,
U„l ——4mRv; L„,FOR FITS TO ETC SPECTRA

With e(9) of Eq. (4), U„I of Eq. (7) can be written as
U„& ——4~Rv; L„ in terms of

L„=L„(1;x)—L„(pi,'x )—
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j =1 integrals

The j =1 integrals include the following:

So ———x (1+xp, +x )y /3,

Po ———x [x p —(1 —x )[xp+(1+x )Iny]I/4,

Do= —x[3(1+3xp+x )y

+10(1+xp+x )(1—3x )y

—45(1 —xp+x )(1—x ) /y )/120,

Si ——x p/2,
P t

——x [(1+3xp+x )y'

+5(l —x )(1+xp+x )y]/30,

D I
——x Iy —1.5(1+x )y +4(1—3x )x p

—6(1—x ) [xp+(1+x )lny]I/32 .

j =2 integrals

The j =2 integrals include the following:

So ———[3x p +2xp(1+x )+2(1+x ) ]y/15,

Po = —x'p, '/6 —(1—x )[(1+x )y' —y /4

—(1+x ) lny]/8,

Do ———[3[15x p +6( 1+x )xp+2(1+x ~)]y 3

+14[3x p +2(1+x )xp

+2(1+x ) ](1—3x )y

—105[0.75(1+x ) + 1.5(1+x )y

—0.25y ]( 1 —x ~
)
~

/y I /840,

S) =x p /3

Pt = —[15x p +6(1+x )xp+2(1+x ) ]y'/210

+(1—x )[3x p +2xp(1+x )

+2(1+x ) ]y/30,

D, = —
[ 1.5y ' —4(1+x )y + 3( 1 +x ) y

—32(1 —3x )x p /3+3(1 —x )~

X [y' —4(1+x')y'

+4(1+x ) lny]j/128 .
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