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Importance of electron time-of-flight measurements in momentum imaging
of saddle-point electron emission

Victor D. Irby
Department of Physics, University of South Alabama, Mobile, Alabama 36688-0002

~Received 9 February 1999!

Over the past several years, another type of spectrometer has been developed that proves to be superior to
conventional spectrometers. In this ‘‘momentum imaging’’ spectrometer, electrons and target-recoil ions pro-
duced in ionizing collisions are accelerated to opposing position-sensitive detectors by an external electric
field. The momentum imaging spectrometer essentially projects~or images! the initial three-dimensional~3D!
electron and recoil-ion momentum vectors onto the 2D plane of each corresponding detector. Because the
spread in electron arrival time is quite small in comparison with the spread in recoil-ion arrival time, one can
utilize the electron signal as a timing marker to extract the full 3D momentum vector of the recoiling ion. This
technique has proven to be quite successful in cold-target recoil-ion momentum spectroscopy. Momentum
imaging methods have also been recently utilized in the search for evidence of saddle-point electron emission.
Experimental studies of H1 and He21 incident on He were carried out by Abdallahet al. @Phys. Rev. A56,
2000 ~1997!#. Rather surprisingly, their results exhibited projectile-charge dependent shiftsin the opposite
direction than that implied by the saddle-point mechanism. However, as we shall demonstrate, proper saddle-
point shifts may be observed if one takes into account the time of flight of the electron.
@S1050-2947~99!04308-5#

PACS number~s!: 34.50.Fa
tile
ro

t
d

s
th
pa

eu
nc
ee

x-
ce
ts
t

ch
ed
is
a

ls
, t
to
a

re
e
in

em.
n

f
lec-

in
er-

with

int

of
tile.

ec-
ver,

n-
ea-
uch

ea-

di-
tra,
ifts.
INTRODUCTION

The single ionization of a neutral atom by a fast projec
of chargeQp can occur through two separate dynamical p
cesses. In one process, the electron is removed from the
get and freely emerges from the collision, leaving behin
target ion of chargeQt51 while the projectile chargeQp

remains unchanged. In the second process, the electron i
only removed from the target, but is also captured by
projectile, reducing the projectile charge by one. In this
per, we will refer to the first process assingle ionization, and
the second process assingle capture.

Experimental studies have shown that ionization of a n
tral atom is dominated by the single-capture process at i
dent projectile velocities lower than the average orbital sp
of the target electron. In contrast, single-ionization~free elec-
tron release! becomes dominant at projectile velocities e
ceeding the target-electron orbital speeds. While the pro
of single-capture is fairly well understood, there still exis
many questions as to the actual mechanisms involved in
single-ionization process.

Over the past decade, a description of a possible me
nism involved in the single-ionization process term
‘‘saddle-point ionization’’ has emerged. However, th
saddle-point model has been the subject of much debate
continues to generate controversy.

The saddle-point mechanism was first suggested by O
@1#. As the charged projectile approaches the target atom
potential well initially entrapping the electron begins
merge with the potential well of the projectile, forming
transitory ‘‘saddle point’’~or equiforce position! along the
line separating the two ions. As the projectile begins to
cede from the target ion, the electron may escape captur
the projectile and recapture by the target ion by becom
PRA 601050-2947/99/60~2!/1135~5!/$15.00
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stranded on or near the saddle point of the collision syst
The velocity,vW s , at which the saddle point travels is give
by

vW s5
vW p

11AQp

Qt

, ~1!

wherevW p is the projectile velocity. A classical description o
single ionization, based on the concept of saddle-point e
trons, was introduced by Irby@2#. Using this simple picture,
Irby was able to derive scaling equations for the maximum
total single-ionization cross sections, and the projectile en
gies at where they occur, that are in excellent agreement
previously existing empirical scaling laws@3#.

One of the first experimental searches for saddle-po
electrons was carried out by Olsonet al. @4#. Their results,
for H1 incident on He, indicated that a large fraction
electrons were emitted at speeds half that of the projec
More convincing experiments of Irbyet al. @5# and Gay
et al. @6#, for H1 and He21 incident on He, exhibited
projectile-charge dependent shifts of the maximum in el
tron energy spectra in correspondence with Eq. 1. Howe
in direct contrast, experimental results of Bernardiet al. @7,8#
and Dubois@9# did not exhibit such projectile-charge depe
dent shifts. The cause of the disagreement among the m
surements eluded investigators and was the subject of m
discussion.

One recent explanation of the disparity among the m
surements was proposed by Irbyet al. @10–12#. It was sug-
gested that electron plate-impact contamination within in
vidual analyzers could obscure low-energy electron spec
subsequently washing out evidence of saddle-point sh
1135 ©1999 The American Physical Society
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1136 PRA 60VICTOR D. IRBY
More recently, Rudd@13# demonstrated that plate-impa
contamination could account for ‘‘filling in of the mini
mum’’ of particular electron spectra involving electron pr
jectiles, and also account for discrepancies among meas
ments~other than saddle-point type! made by many differen
investigators.

Most researchers involved in electron spectroscopy n
agree that proper experimental techniques are require
eliminate spectral contamination caused by electrons imp
ing electrode plates or any other surfaces within a spectr
eter. In addition, the majority of investigators also agree t
measurements should involve proper coincidence techniq
Many earlier measurements involved detection of only el
trons, from ion-atom collisions, and could not distingui
between separate collision channels. Thus, over the past
eral years, another type of electron spectrometer has b
developed which overcomes many of the experimental pr
lems researchers have encountered in the past.

A schematic diagram illustrating the basic principles
the spectrometer is shown in Fig. 1. The electron momen
imaging ~EMI! spectrometer utilizes two-dimension
position-sensitive detectors~microchannel plates! that are
placed in a uniform electric field~E!. The E-field is perpen-
dicular to the incident ion beam. Ionized electrons are g
erated at the intersection of the ion beam and the effusive
target. Since both electrons and target/recoil ions are ge
ated within the E-field, they are accelerated to opposing t
dimensional~2D! detectors. Projectile ions are also collect
onto a separate 2D microchannel plate. The detector-im
position of an ejected electron is proportional to its cor
sponding component of momentum. Hence, the detected
pact positions are essentially an ‘‘image’’ of the electron
momentum components. Thus, the spectrometer is refe
to as a momentum imaging device. For a comprehen
overview of momentum imaging spectrometers, an excel
review article is given by Ullrichet al. @14#.

The EMI spectrometer has several advantages over
ventional types of spectrometers. The overall detection e
ciency, for both electrons and recoils, is on the order
100% since essentially all the particles emitted in the co
sion can be collected onto the detectors. Also, plate-imp
contamination is virtually nonexistent. Finally, since bo
position and timing signals can be extracted from the
microchannel plate detectors, collision products can be m
sured in coincidence. Thus, the EMI spectrometer prove
be superior to conventional spectrometers.

Researchers have recently utilized EMI spectrometer
the search for evidence of saddle-point electrons. Experim
tal studies of H1, He21, and carbon ions incident on H
were carried out by Abdallahet al. @15#. Rather surprisingly,

FIG. 1. Schematic of electron momentum imaging spectromet
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their results for H1 and He21 ions exhibited projectile-
charge dependent shiftsin the opposite directionthan that
implied by Eq.~1!. These ‘‘antisaddle’’ shifts certainly seem
to contradict the saddle-point hypothesis. However, as
shall demonstrate below, the antisaddle shifts observed
Abdallahet al. can be construed as an experimental artifa
that arises from lack of complete knowledge of all kinema
parameters necessary in the data analysis. We will show
saddle-point shifts may be observed if one takes into acco
the time of flight of the electron.

COMPUTER SIMULATIONS OF EMI SPECTROMETER

In order to demonstrate the necessity of measuring
electron time of flight in studies involving electron mome
tum imaging, we have performed computer simulations a
calculations using Sigma Plot computer graphics progr
@16#. The coordinates used in these calculations are ill
trated in Fig. 2. Thez-axis is oriented along the direction o
the incident projectile ions. The electron is ejected at a d
tancey5h from the detector atx5z50. For a uniform elec-
tric field, the position at which an electron impacts the d
tector is given by

y50, ~2a!

x5v sinu cosft f , ~2b!

z5v cosut f , ~2c!

t f5
v sinu sinf

a
1AH v sinu sinf

a
J 2

1
2h

a
, ~2d!

where u is the electron ejection angle,f is the azimuthal
angle,v is the ejection speed,t f is the time of flight, anda is
the acceleration (a5eE/me). Utilizing Sigma Plot’s math
transforms, 5000 electrons were generated with randomv, u,
and f, and the detector impact positions were calcula
from Eq.~2!. More specifically, the electron-ejection speed
v, were generated from a random Gaussian distribution c
tered at v51 a.u. The central peak of the distributio
(vmax51 a.u.! was chosen to simulate saddle-point electro
emitted by singly-charged projectiles traveling atvp52 a.u.
(Qt51). A histogram of a typical electron speed distributio

.

FIG. 2. Collision coordinates. Electric field is directed along t
positivey axis.
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PRA 60 1137IMPORTANCE OF ELECTRON TIME-OF-FLIGHT . . .
is illustrated in Fig. 3~a! for a half-width half-maximum
~HWHM!, Dv, equal to 0.6 a.u. Electron ejection angles,u,
were generated in a similar fashion and are illustrated in F
3~b! for a HWHM of Du560°. A random uniform distribu-
tion was used for the azimuthal anglef @see Fig. 3~c!#. The
electron impact positions were then calculated forh50.038
m and an electric field ofE5420 V/cm, which correspond to
the experimental parameters reported by Abdallahet al. @15#
and Kraviset al. @17#. ~In the random-generation sequenc
both positive and negative values ofu andv were obtained.
To avoid any confusion, all electron shots withu,0 andv
,0 were discarded. Thus, the total number of electron sh
illustrated in Fig. 3 is about 2500.! The arrow in Fig. 3~d!
illustrates thez-position for an electron emitted atve5vp
andu50.

Sigma Plot simulations were performed for proton a
alpha particles incident on helium. The parametersDv and
Du were adjusted to obtain qualitative agreement with
experimental data of Abdallahet al. @15#. Contour plots of
electron detector-impact positions are illustrated in Figs. 4~a!
and 4~c! for an approximate total of 5000 electrons. In F
4~a!, the parameters used werevmax51 a.u, Dv50.6 a.u.,
andDu575°. To simulate alpha particle projectiles, para
eters were chosen asvmax50.828 a.u,Dv50.6 a.u., and
Du560°. One may argue that the chosen angular distri
tions may be too large. However, estimates of transve
momentum,px , given in Figs. 4~b! and 4~d! are in reason-
able agreement with data of Abdallahet al. ~in fact the an-
gular distributions may be somewhat underestimated!. The
momentum distributions shown in Figs. 4~b! and 4~d! were
obtained by using Eq.~2! and assuming, as in the data ana
sis of Abdallahet al., a constant time of flight 3.2 ns.~This
time of flight is chosen on the assumption that the transve
velocity, vy , of the electron is small. The spread in electr

FIG. 3. ~a! Initial electron speed distribution. Parameters us
arevmax51.0 a.u. andDv50.6 a.u.~b! Initial distribution of elec-
tron ejection angles. Parameters used wereDu560°. ~c! Distribu-
tion of azimuthal ejection angles.~d! Scatter plot of electron detec
tor impact positions. The arrow illustrates thez position for an
electron emitted atve5vp andu50.
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arrival time, resulting from transverse ejection speeds
typically much less than 1.0 ns.!

As one can see from Figs. 4~a! and 4~c!, the simulations
presented here exhibit an antisaddle shift similar to that
served by Abdallahet al. @15#. This can be seen more clear
by estimates of the longitudinal momentum,pz , obtained by
using a constant time of flightt f53.2 ns, and are shown in
Figs. 5~a! and 5~c!. In order to examine electrons emitted
small ejection anglesu, longitudinal momentapz were also
calculated for a small slice through thex-position axis. The
small anglepz obtained, foruxu<0.04 cm, are illustrated in
Figs. 5~b! and 5~d!. Again, the calculations exhibit an ant
saddle shift, despite the fact that the initial distributions we
chosen so as to simulate saddle-point electrons.

The antisaddle shift observed in these simulations ar
from trying to estimatepz without complete knowledge of al
the kinematic variables. From examination of Eq.~2!, it is
clear that there are three equations and four unknowns~the
measured quantities arex, z, andy50, and the unknowns are
vx , vy , vz , andt f!. Thus, in order to obtain even one com
ponent of ejection velocity, onemust measure the time o
flight along with detector-impact position. Unfortunatel
due to a limiting time resolution of 1 ns, Abdallahet al. @15#
were unable to measure the time of flight of the electrons
their work. However, in these simulations, we have t
luxury of knowing both the detector-impact position and t
time of flight. Electron time-of-flight distributions for the
simulated proton and alpha collisions are illustrated in Fi
6~a! and 6~c!.

In order to observe true saddle-point shifts, we must
amine only those electrons that are emitted at small ejec
angles.~In earlier experimental work of Irbyet al. @5,10#, it
was reported that saddle-point shifts were observed onl

d FIG. 4. ~a! Contour plot of electron impact positions for H1

projectiles. Parameters used arevmax51.0 a.u.,Dv50.6 a.u., and
Du575°. ~b! Estimatedx-momentum distribution (H1) for con-
stant time of flightt f53.2 ns.~c! Contour plot of electron impac
positions for He21 projectiles. Parameters used arevmax50.828
a.u.,Dv50.6 a.u., andDu560°. ~d! Estimatedx-momentum dis-
tribution (He21) for constant time of flightt f53.2 ns.
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1138 PRA 60VICTOR D. IRBY
angles less than 20°.! Utilizing Eq. ~2! and the electron time
of flight, we can then select only those electrons whose em
sion angles are less than 15°. This can be accomplishe
choosing electron detector-impact positions that satisfy
relation

z

t fAvx
21vy

21vz
2
>cos15°, ~3!

FIG. 5. ~a! Estimatedz-momentum distribution (H1) for con-
stant time of flightt f53.2 ns.~b! Estimatedz-momentum distribu-
tion (H1) for small angle emission~see text!. ~c! Estimated
z-momentum distribution (He21) for constant time of flightt f

53.2 ns.~d! Estimatedz-momentum distribution (He21) for small
angle emission~see text!.

FIG. 6. ~a! Electron time-of-flight distribution for H1 projec-
tiles. ~b! Scatter plot of electron detector-impact positions (H1) for
u<15°. ~c! Electron time-of-flight distribution for He21 projectiles.
~d! Scatter plot of electron detector-impact positions (He21) for u
<15°.
s-
by
e

where the velocity components are obtained from
detector-impact position and time of flight:

vx5
x

t f
, ~4a!

vz5
z

t f
, ~4b!

vy5
1

2
atf2

h

t f
. ~4c!

Scatter plots for electrons emitted atu<15° @obtained from
Eqs. ~3! and ~4!# are presented in Figs. 6~b! and 6~d!. The
number of electrons shown in Figs. 6~b! and 6~d! account for
20% of the total used in the simulation. Selecting only the
electrons, we then compute theactual longitudinal momen-
tum pz , using the knownt f ’s, and present them in Figs. 7~a!
and 7~c!. The estimated small-anglepz , from Figs. 5~b! and
5~d!, are also replotted in Figs. 7~b! and 7~d! for comparison.
One can readily see how the electron time of flight affe
the data analysis.

Figures 6~b! and 6~d! seem to suggest that a better es
mate of pz , for data that doesnot include time of flight
measurements, can be obtained by selecting only elect
that satisfy

uxu
z

<tan 15° ~5!

~using only positivez-impact positions!. However, electrons
that are emitted atu.15° will be accidentally counted in
this analysis if their azimuthal anglef is greater than zero

FIG. 7. ~a! Actual z-momentum distribution (H1) for u<15°.
~b! Estimatedz-momentum distribution (H1) for small angle emis-
sion. ~c! Actual z-momentum distribution (He21) for u<15°. ~d!
Estimatedz-momentum distribution (He21) for small angle emis-
sion.
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This follows from the fact thatx/z5tanu only for f50 @see
Eq. ~2!#. To be more precise, let us assume that the ac
ejection angleu is greater than 15°. If

tanu cosf<tan 15° ~6!

then the electron will be erroneously counted as being e
ted atu<15°. ~In this simulation, this type of analysis ove
estimates the number of electrons by a factor of 1.5!.

CONCLUSIONS

As we have thus shown, utilizing the above compu
simulations, electron time-of-flight measurements can
crucial in the proper analysis of momentum-imaging spec
g

y,

.

.

al

it-

r
e
a

involving electrons. In addition, the above results also in
cate that saddle-point ionization should not be complet
ruled out as a viable mechanism involved in the product
of freely-emerging electrons in singly-ionizing collisions.

However, these results should not distract from the imp
tance of and advances made by momentum-imaging s
trometry. We also feel that the innovative and already p
neering techniques of momentum-imaging can be taken
step further, by pursuing better timing resolution. The co
bination of electron momentum-imaging spectrometry w
picosecond timing, for instance, could enable researcher
observe the interactions between charged particles with
tail possibly never seen before, greatly enhancing our un
standing of the dynamical nature of ion-atom collisions.
e,

.
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