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An ion reaction-time amplification scheme is used to study field dissociation of RhnHe?* formed
by low-temperature field evaporation of Rh in He. Field dissociation of RhHe?* can occur by
atomic tunneling within a few times 10~ 13 s in a well-defined spatial zone of width ~ 150 A above
the emitter surface. The time resolution of this measurement is as good as 20 fs.

PACS numbers: 68.45.Da, 79.70.+q, 82.65.Nz, 82.80.Ms

In low-temperature field evaporation of metals in
helium of pressure greater than 1x 10~ 8 Torr, metal-
helide ions can be formed.! For Pt and W, metal-
dihelide ions have also been observed.? No study of
the stability of metal-helide ions has been reported.
We report here an observation of dissociation of
RhHe?* ions. This dissociation occurs in less than a
few times 1073 s in a well-defined spatial zone of
width — 150 A which is centered around 220 A above
the emitter surfacg. It can occur only in an applied
field of —4.8 V/A, and thus it is experimental evi-
dence of field dissociation of an ion as a quantum-
mechanical tunneling phenomenon of atoms discussed
theoretically by Hiskes.? To study such a fast ion reac-
tion, we have devised an ion reaction-time amplifica-

tion scheme to achieve a time resolution of 20 fs in
our ion reaction-time measurement.

The instrument used in this study is a pulsed-laser
time-of-flight atom-probe field-ion microscope* shown
in Fig. 1. This system, when carefully operated,® can
achieve an accuracy and resolution of better than 5
parts in 10°, i.e., 0.0005 to 0.005 u for low to heavy
ions in mass measurements and 0.3 to 1.0 eV out of 6
to 20 keV in ion energy measurements. In ordinary
time-of-flight spectrometers, the time resolution in ion
reaction-time measurements is the overall time resolu-
tion of the time-measuring devices used in the sys-
tems. The laser pulses used in our atom probe are 0.3
ns in width, and the electronic timers used for the ion
counting have a resolution of 1 ns. Thus the overall
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FIG. 1. The pulsed-laser time-of-flight atom-probe field-ion microscope. With an acceleration section of 1.5 mm and a
free-flight path of 4200 mm, a resolution of 10~ '3 s can be achieved for measuring reaction times even though the time resolu-
tion of the system is only 1 ns. This capability may be called a reaction-time amplification.
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TABLE I. Critical energy deficits; AE” */n, for Rh and Pt and their helide ions.

Expt. Theory Expt. Theory
Rh?* 10.7+0.8 eV 10.9 eV P2+ 11.1£0.6 eV 114 eV
RhHe?* 109104 eV <. PtHe?* 123+0.5 eV cee

time resolution of the system is ~ (0.32+12)¥/2=
ns, which is a few orders too slow to study field disso-
ciation. To overcome this limitation we have devised
an ion reaction-time amplification scheme to improve
greatly the time resolution for measuring ion reaction
times. Details of this scheme and its potential applica-
tion cannot be described in this Letter and will be
presented elsewhere.® With this scheme those ion
reaction events taking place in a very short time period
can have their detection stretched over a much longer
period. This is done by separating the system into two
well-isolated sections, an ion acceleration-reaction sec-
tion of length / and a field-free flight section of length
L with L >> I. The total flight time of an ion is then
determined essentially by the final energy of the ion
when it leaves the acceleration section. The final
kinetic energy is, however, determined by the location
in the acceleration section where the ion is formed.
Therefore, the energy distribution of the daughter ion
maps out the spatial distribution of the ion reaction
events. The ion reaction rate is then determined from
the velocity of the parent ions at the moment they are
dissociated. In our system, we make /=1.2 mm and
L =4200 mm. Detailed calculations using a parabolic
configuration of the tip surface and the grounded elec-
trode show that a time resolution of 10 to 20 fs can be
achieved in the measurement of ion reaction times for
our system.® This corresponds to an amplification fac-
tor greater than 5x 10*. Also with our system the spa-
tial zone of ion form%tion can be determined to an ac-
curacy of 0.06 to 0.2 A.

It has already been established that metal-helide ions
can be observed’ only if the emitter temperature is less
than 100 K where field adsorption of helium on the
emitter surface can occur®; thus metal-helide ions are
not formed by collision between metal ions and gas
atoms but by direct field evaporation from the emitter
surface. This conclusion can be best established from
a measurement of the critical energy deficit of helide
jons and metal ions. Results for Rh?* and Pt?* and
RhHe?* and PtHe?* are shown in Table I. The fact
that metal-helide ions and metal ions have almost
identical critical energy deficits clearly indicates that
helide ions are formed right at the emitter surface as
are the metal ions. Another interesting observation is
that all the metals knowno to have the dc evaporation
field greater than 4.5 V/A form metal-helide ions of
certain charge states as can be seen in Table II. No

metal-helide ions are observed for all those metals
with their dc evaporation fields lower than 4.5 V/A.

A high electric field can also induce field dissocia-
tion of these ions.> In Figs. 2(a) and 2(b), ion energy
distributions in pulsed-laser field evaporation of Rh
are shown. When Rh is field evaporated in vacuum
below 1x10~? Torr, a very well-defined ion energy
distribution as shown in Fig. 2(a) is obtained. There is
no low-energy tail or noise signal in the entire spec-
trum. In a histogram, the true FWHM is the mea-
sured FWHM minus one to two bins. Our best data
avajlable (not shown), taken at 7.8 kV and Fp=4.7
V/A, give 2.5 eV < FWHM < 5 eV for Rh?* ions.
This corre§ponds to an ionization zone of width of
about 0.4 A. This is probably still widened by the lim-
ited instrument resolution since as the resolution of
our system improves, the width narrows. The true
width is probably only about 0.2 to 0.3 A as in field
jionization.” When Rh is field evaporated in (1 to
2) x 10~ 8 Torr of He, a mass spectrum shown in Fig.
2(b) is obtained. Beside the RhHe?* mass line, we
find that now the Rh?* line has a well-separated
secondary peak about 30 ns behind the main peak.
The energy distributions of RhHe?* as well as the
main peak of Rh?* are still as sharp as the Rh?* line
obtained by field evaporation in vacuum. The secon-
dary peak of Rh?*, in fact, is as prominent as the main
peak when the Rh emitter is just being pulsed-laser
field evaporated at a field only a few percent below the
dc evaporation field. In this field range, 70% to 80%
of field-evaporated ions are in the form of RhHe?*
ions, as indicated by the shaded parts of the mass

TABLE II. Ion species observed in low-temperature field
evaporation in helium.

Element Ion species dc evaporagion field

(V/A)

Mo Mo?*, Mo, MoHe’* ~4.8
Rh Rh*,Rh?*,RhHe?* ~5.0
Ta Ta?’*, Ta’*,TaHe’* ~4.8
W W2t W3t W4 WHe't, WHest ~5.7
Re Re*,Re?!*, Re*t,ReHe’™* ~5.0

Ir  Ir?*, If’Y, IrHe’t ~53

Pt Pt**, PtHe’" PtHei* ~4.6
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FIG. 2. (a) A pulsed-laser atom-probe mass spectrum of
Rh taken in vacuum at 9.5 kV. Only Rh?* ions are ob-
served (b) In (1 to 2) x10~8 Torr of helium, in addition to
the Rh?* mass lines, a RhHe?* mass line and a secondary
peak in the mass line of Rh?* appear.

lines. As the field at the emitter surface reduces by
gradual field evaporation, the number of RhHe?* ions
decreases drastically, and so does the secondary Rh?*
peak. Thus there is no question that the secondary
Rh?* peak is indeed associated with the formation of
RhHe?* jons. Since the secondary peak indicates an
additional energy deficit of 51 eV of the Rh?* ions,
these ions can only be formed at some distance away
from the emitter surface. They can only be formed by
field dissociation since a RhHe2?* ion, once formed,
has no chance of interacting with another particle.

Two questions remain to be answered. The first
question is whether the dissociation is spontaneous,
and occurs at a constant dissociation rate. Our
analysis® shows that such a dissociation process will
produce an exponentailly decaying low-energy tail in
the energy distribution of Rh2% instead of the well-
defined secondary peak we have observed. The well-
defined secondary peak indicates that the dissociation
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occurs within a narrow spatial zone of width w at a dis-
tance x from the metal surface where x and w can be
estimated by considering the following dissociation
reactions:

field
RhHe?t —

ionization

Rh?* +He™* + e (into the metal)

¢))
atomic
or — Rh?* +He. (@)
tunneling
In either case, a detailed analysis® will show that
x=2rolexpldk (1 +M/m)At/t)] -1}, 3)

where M and m are respectively the mass of Rh and
He, rq is the tip radius, £k = 5, and ¢, is the onset flight
time of Rh?*. Substituting the experimental voalues
shown in Fig. 2(b) into Eq. (3) we find x = 220 A and
w=150 A. It can be shown that it takes only
7.9%x107 " s for a RhHe?* ion to travel from zero
velocity a distance of 220 A near the emitter surface.
We conclude that a fraction of RhHe?* is dissociated
in 4x107 1 to 1.2x10712 5. Once RhHe?* ions are
out of this ‘‘dissociation zone,”’ they are completely
stable.

The next question is which of the mechanisms, Eq.
(1) or Eq. (2), is the correct one. Equation (1) is
highly unlikely since field ionjzation usually occurs in
a zone of width less than 0.5 A just beyond the critical
distance of field ionization.® Also Eq. (1) would
predict the presence of a secondary peak in the energy
distribution of pulsed-laser field desorbed He™ ions
which should be separated from the main peak by
~ 600 eV. No such peak is observed. Equation (2)
would predict emission of neutral He atoms of less
than 50-eV Kkinetic energy which cannot be detected in
our system. Since a RhHe?* ion, once formed, has no
chance of colliding with another particle, only two
mechanisms of dissociation can satisfy the conserva-
tion of energy requirement. First, the dissociation
may be induced by electronic deexcitation followed by
vibrational excitation if pulsed-laser field desorption
also involves electronic excitations by the laser pulses.
However, the time constant in electronic deexcitation
is in the 10°-10~8-s range, and it is spontaneous. Our
observed dissociation time is less than 10712 s. We
must conclude that the dissociation is produced by
tunneling of the He atom through a potential barrier
which bound the two atoms together. This potential
barrier is deformed by the electric field near the sur-
face. Once a RhHe?" is far away from the surface, the
field is too low to have a sufficient deformation of the
potential barrier, and no atomic tunneling becomes
possible; thus RhHe?* becomes stable.

Field dissociation as a tunneling phenomenon of



VOLUME 55, NUMBER 20

PHYSICAL REVIEW LETTERS

11 NOVEMBER 1985

120 to 131
% Rh, 55K, 9.5 kV
. -8
u P = 1x10 t<3rr
N 49~ 46 V/A
- 72
2 RRZ* Rh3He2*
2 L
w 48
o
o
Z ut ~35%
Rh%He2*
0 \}IM —— . L JL - n
22400 221“4 s 22550 22700 22;84 e 2285 122876 he 23000

FLIGHT TIME (ns)
FIG. 3. Data taken under identical conditions except that
“He gas is replaced with *He—3% *He gas.

atoms is very sensitive to the mass of the atoms and
the effective potential barrier which is also mass
dependent.?> A dramatic isotope effect is found when
“He is replaced with *He as shown in Fig. 3. We do
not have a satisfactory explanation yet but this should
be of great interest to quantum theorists.

In summary, field dissociation of compound ions as
a quantum-mechanical tunneling phenomenon of
atoms,? similar to field ionization as a quantum-
mechanical tunneling phenomenon of atomic elec-
trons,!® has been established for RnHe?*. This field
dissociation occurs in a very well-defined spatial zone,
also similar to field ionization above a metal surface.
This very fast ion reaction with a time constant in the
10~ 13-s range can be studied in the pulsed-laser atom

probe by using a new ion reaction-time amplification
scheme to achieve a time resolution of 20 fs.® The
same scheme can be adopted to other time-of-flight
spectrometers to study fast ion reactions such as pho-
todissociation, dissociation of cluster ions by electronic
deexcitation-induced vibrational excitation or by field
dissociation, dissociation time of multiply charged ions
in Coulomb explosion, etc. As for ion reactions by
atomic tunneling, any compound ions containing a
light atom such as H, D, T, or He can be studied.
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