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ION DESORPTION PHENOMENA INDUCED BY
VARIOUS TYPES OF MULTIPLY CHARGED PROJECTILES
AND BY PHOTONS ON SOLID SURFACES
Y. LE BEYEC

Lectures given at the
"Escola Latino Americana de Fisica, ELAF91",
CAXAMBU, BRASIL, August 1991.

Ion desorption phenomena are the general denomination for the
emission of ions (atomic, molecular, clusters) from solid samples generally insulating organic or inorganic materials - bombarded by
accelerated ions or electrons, or by photons (laser).
The understanding of the desorption mechanisms is to day an
attractive problem of fundamental physics linked to energy deposit
and transfer in solids. The great potential of the desorption processes, to investigate interactions between fast ions and materials
and to develop analytical tools, explains the increasing number of
scientists and laboratories devoting their interest to ion desorption.
New experiments require the construction of specific
equipments
and the use of advanced technologies but, with the exception of
beams from accelerator, relatively simple and light experimental
facilities are necessary. The wide range of options to study ion
desorption and the large number of possible applications - that has
demonstrated the interdisciplinarity of the field - make the all
domain, a good choice, for emerging research groups.
It is a great pleasure to participate into the "Escola Latino
Americana de Fisica, ELAF91" and to have the opportunity to talk on
this subject. I have summarized, in the following, some of the work
done in our laboratory during the past recent years. I have tried
to show, by various types of experiments and results that this
field of research is a source of fruitful developments. I did not
cover, neither the applications that would have required a rather
long paragraph, nor the instrumental part which is, of course, also
very important. The I.P.N. (Institut de Physique Nucléaire Orsay)
is known for its contribution to many other laboratories and
colleagues.
I believe in the rapid growing of the field - including companies
involved in instrumentation - and, in the future of massive ion
impacts. All domains of applications will gain from fundamental
experiments.

Orsay, May 1991
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Y. LE BEYEC
Institut de Physique Nucléaire, 91406 - Orsay Cedex, France

The field of desorption-ionization of secondary species induced by fast
and slow ions in a solid is extremely large (fast and slow will be defined
later). A collision betweeen a two atom system or more generally a two-body
system is relatively simple to describe even if the interacting potentials are
not completely known. When a large number of atoms and complex ions are involved in multiple collisions, understanding the detailed processes that occur in
a short time after the initial interaction is an ambitious goal. The complex
sequence of dynamical events in the solid that finally lead for example, to
the ejection into the gas phase of intact molecules is poorly understood. In
recent years however a certain number of efforts in several laboratories have
contributed to elucidate the basic phenomena. A large variety of applications
has been developed and has demonstrated the interdisciplinarity of the field.
Until now mainly single atoms or ions (sometimes multiply charged ions) were
used to interact with solid materials. More recently, cluster ions have been
used as projectiles. Small power density lasers have also been used recently
to eject intact molecular ions from the surface.
In all cases, whatever the initial triggering process, the energy that is
deposited in the solid must be coupled to atomic and molecular motion.
In these lectures, I will summarize some of the results obtained in experiments performed at our laboratory, Institut de Physique Nucléaire Orsay,
France (Ion-Surface and Material Interactions Group). In these experiments we
have used several types of projectiles at various energies.
I. GENERAL REMARKS

For simplification it is generally considered that there are two regimes
of primary ion velocities that correspond to two distinct classes of mechanisms of interaction. The "critical" value of velocity that "separates" the
z
two regimes is the Bohr velocity V = =—. When the velocity of the primary ion
(PI) V is small, target electrons move much faster than the projectile and
the primary ions interact with the whole atoms. Atomic collisions take place.
When the velocity of the PI is large compared to the electron velocity in the

target atoms (V

» V ), the PI "sees the electrons at rest", and there are

P

0

interactions with electrons. In this case, electronic collisions occur. There
is of course an overlapping region of primary ion velocities where the two
processes are both present.
In the following, experiments will be described in the two regimes of
velocity. V is about 0.2 cm/nsec and corresponds to an energy per mass unit
of 25 keV/u (E
= ~ V with V in cm/nsec). The quantity E/u is a practical
MeV/u 2
unit that will be employed in the next sections.
Energy loss mechanisms are therefore related to the two regimes of velocities and correspond to the so-called nuclear stopping power (V < V ) and
electronic stopping power (V > V ). The nuclear stopping power is based on
elastic two particle collisions between M and M , with M at rest. E
is
i

the initial energy, E

is the final energy of M after having transferred an
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energy E to M . q> and <p are the scattering and recoil angle in the laboraZ
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tory system. B is the center of mass scattering angle and E

the energy in

CM

the center of mass system. Classical conservation laws lead to the following
basic formulas :
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approximated through most of the keV energy regions as [1] :
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Simple expressions have also been derived by W.Wilson et al [3] for the
nuclear stopping :
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Multiple scattering, path length distributions, displacement damages, and
three dimensional evaluation make a complete calculation very complex. A very
convenient P.C. program is now available : "TRIM" [3] that allows calculation
of most of the needed simulations with a variety of projectiles and targets.
Standard sputtering theory is used. An example of calculation is given in
Fig. 1.
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At large velocity the energy loss is based on collisions between a
primary ion with charge Z at velocity V and an electron "at rest" at a
distance b from the PI trajectory. The maximum acting force is Z eVb 2 with an
estimated time of collision of 2b/V. The transferred momentum is roughly equal
to Ap

.2
2Ze4
and the energj absorbed in the collision SE = ^1- =
\— . If
bV
/M
MVb'

electrons in a solid have a volumetric density of n , then the energy loss in
a thickness dx at a distance b from the PI ion path is dE = SE x 2irbdb.dx.n .
Between minimum distances b
and b
we have :
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can be approximated according to the PI velocities [41. An

approximated expression, for a projectile with charge Z and an atom with Z
electrons, is given by the Bethe formula [5] :
dE
dX

MV 2

{log — }

Empirically, I is the mean ionization energy and I ^ 10 Z (eV) for Z » 1. Z
is the target atomic number.
More complete formulas can be derived from a more detailed description of
the energy loss. In any case, theoretical values have to be adapted to experimental values, and for practical purposes, adjustable parameters have been
introduced into the formula's derivation.
The charge q =Z of the primary ion is a very critical parameter since
this parameter changes rapidly when the primary ion penetrates in a solid.
There is even a charge distribution probability according to the cross sections of gain or loss of electrons by a fast ion traveling through the material. Electronic stopping power values have been tabulated by several authors
16-8]. Frequently, there are large discrepancies between these values. In
addition, comparisons between calculated and experimental values show differences that can reach 30 to 40 7.. Experiments are clearly needed to obtain
reliable values.
Our goal is not to develop here energy loss theories but to emphasize the
distinction between the two modes of energy loss. We are interested in the
final step, that follows the energy loss and transfer mechanisms, i.e. the
emission of secondary species from the surface.
Atomic collision cascades and the sputtering theory can reproduce the
emission of atoms relatively well, but as already mentioned, the simultaneous
emission of an assembly of atoms (as a molecule) is more difficult to explain.

II. ENERGETIC PROJECTILES : MEV IONS AND MOLECULAR ION EMISSION

In the first part I will discuss results with fast ions above 0.2 MeV/u.
When a solid material is bombarded by such energetic particles, molecular ions
ion-clusters and neutrals are ejected from the surface. The yield of emission, which can be very important, ranges from 0.1 to 10 per impact depending
on the material, the amount of energy loss, the type of surface.etc.
We will distinguish the entrance channel and the exit channel in the
interaction. In the entrance channel we have several parameters :
o the type of ions, the velocity, the charge state (and equilibrium charge
state),
o the angle of incidence with the surface,
» the nature of the surface and material.
In the exit channel we may consider :
» the type of secondary ions, i.e. atomic, molecular ions, cluster ions...
» the type of neutrals,
« the secondary ion yield, i.e. the number of SI per primary ions,
» the secondary electron yield,
o the energy and angular distribution of the emitted species,
o the stability of the molecular ions.
The phenomena observed in the exit channel correspond to the solid's response to the interaction. They depend on the parameters in the entrance
channel. Therefore, a study of the variation of these parameters gives some
insight into the mechanisms.
II.1. Experimental method
Heavy ion beams from accelerators were used with energies per mass unit
32

235

between 0.3 and 5 MeV. Ions of S to
U have been delivered by a cyclotron,
a Tandem machine in Orsay and a linear accelerator in Darmstadt. Experiments
have also been performed at Uppsala, Erlangen, Argonne, Catania. I suggest
that the readers look at ref. [9-14] for more information. Briefly, a beam of
heavy ions is selected in mass and energy by the accelerator before entering a
reaction chamber where targets are positioned in the center. Variation of the

Prof. R. Macfarlane from Texas A&M has initiated this field. A special issue
of "Int. J. of Mass Spectrometry and Ions Processes" has been dedicated to R.
Macfarlane, vol. 53 (1983).

energy is achieved either by changing the machine parameters or by inserting
metallic absorber foils in the beam prior to the target. For experiments with
a specific charge state, the beam passes first through a thin foil of carbon
(10 /i) or gold (10 jLjt) to produce a distribution of charge states. The charge
state desired is selected by a magnet, and the resulting low intensity ion
beam (100 to 500 ions/sec) is collimated to 1 mm diameter before striking the
target. Fig. 2 shows a schematic diagram of the experimental geometry. The
energy of the primary ion is monitored and controlled by a Si detector after
passing through the target. A vacuum of 10 torr is maintained in the system
by a cryopump. These are counting experiments, and for each ion hitting the
target, the secondary ions emitted from the target surface are identified and
counted. Secondary ion yields are measured according to the entrance channel
parameters.

Collimators

Secondary ions
Figure 2
Experimental arrangement for on beam experiments
° Dl, DZ, D4 are micro-channel plate detectors for time signals
o D3 is a silicon detector for energy signals and time signals
Time of flight (TOF) mass spectrometry is used to identify secondary
ions. This technique is a very simple and efficient technique. Several developments and pieces of semi-commercial equipment have beei: made at the
Institut ; e.g. fast electronics, time digital converters and data acquisition
systems. TOF mass spectrometers for analytical applications have even been
built. More details on the techniques and the electronics can be obtained from
ref. [15-17].
In experiments with accelerator-beams, time of flight distances shorter
than 20 cm were generally used for secondary ions and secondary electrons as
well.

Targets consist of thin films of materials deposited on metallic backing
by evaporation under vacuum or by electrospray. Different types of sample
compounds have been used (inorganic and organic).
II.2. P.I. velocity dependence
The SI yield as well as the total sputtering yield depend on the PI velocity. The velocity dependence has been observed in many cases with targets of
condensed gases, H 0 films [18-20], inorganic films, and organic films [2123,11,13]. An example, already shown in ref. [24], is presented below in
Fig. 3. A rapid increase of the SI yield is observed above 0.4 cm/nsec
followed by a maximum at about 1-1.2 cm/nsec. Similar trends have been obser' '

^

40 -

Pfien |alamn

f\

y

e

H ) " = 164

30 -

/

Pv

20 -

Figure 3
Variation of the desorption yield
of molecular ion (M-H)' from a
phenylalanine sample as function
of velocity of Ag ions.
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ved for several compounds. The parameter "velocity" is not a simple parameter
because the primary ion charge state varies with the PI velocity. As seen
2

2

before, dE/dx is proportional to q /V , and therefore the variation of yield Y
also reflects the variation of Y with the primary ion charge state. It has
/jr,\ 2

been found in many cases that Y « -j==l in the increasing part of the yield
curve. When the velocity exceeds that corresponding to the maximum of the
yield curve (* 1.1 cm/nsec) there is no simple relation between the yield and
the energy loss. In addition, the maximum yield appears at a PI velocity that
is lower that the velocity at which maximum dE/dx occurs.

More interesting information is obtained from experiments in which the
parameter incident-charge-state q. is varied. Before going into more details,
let us consider how the charge state of a fast ion varies when it enters a
solid material.
II.3. P.I. charge state dependence
Fast ions traveling in a solid rapidly reach highly excited states. Several processes can change the ionic charge state of an ion moving through the
scJid. Theoretically, several approximations must be made to estimate charge
state values of a moving ion in a solid and experiments able to "photograph"
the ionic charge state value in matter do not exist. However, we will describe
in the next chapter an experiment that gives information on the charge variation inside solids.
After an ion has penetrated a certain distance x below the surface of a
solid, its charge state reaches an "equilibrium value" <q >. An example of
eq

variation of charge state in a solid is shown by Fig. 4 which presents Kr at 1
MeV/u traveling through carbon. It must be noted that for heavier PI, like
1
I, the equilibrium charge state is preceeded by a pre-equilibrium charge
state (see following chapter).

0

50 100 150 200 250 300 350 400 450
Distance (Al

Figure 4
Calculated variation of the ionization state of Kr ions at 1 MeV/u
passing through carbon material.
As seen in Fig. 4, 24+Kr becomes 21+Kr after 100 À and 19+Kr at 200 A.
The equilibrium value 18* is reached beyond 450 À. This curve has been calculated by Maynard [25]. Several semi-empirical formulas are generally employed
to calculate the equilibrium charge state value of a given projectile in a

given material [26,27]. Shima and collaborators [28] have established a semiempirical relation that gives satisfactory values of equilibrium charge
state :

= Z

2
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m/s and Z and
Z2 are atomic numbers of
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0 1

projectiles target.
It is obvious from the expression dE/dx that the energy loss in the solid
is proportional to <q > once the <q > value is reached. But what takes
eq

eq

place before this state is reached ? It happens that the charge state does
vary along the path of the primary ion (according to Fig. 4 for example for Kr
in carbon) and that the energy loss dE/dx is essentially proportional to
q (x). q (x) is the value of the ionic charge state for an initial charge
state q after a penetration of a distance x in the solid. Since an equilibrium value is reached within a few hundreds Angstroms, the ion velocity does
not change but, as seen above, the charge state and therefore the dE/dx can
change enormously.
Reality is not as simple because there exists, inside the solid and outside the solid, a charge distribution. For energy loss estimation, the mean
charge state is generally considered.
Instead of using the results of Maynard's calculation, it is possible
(for atomic number below « 40) to calculate q(x) with an exponential dependence proposed by Bohr [29] :
q(x) - q
where q

= (q - q ) exp - -r

is the initial charge state, q

0

the equilibrium charge state, x the
eq

distance below the surface in Angstroms, and d the distance of relaxation to
equilibrium.
A fast PI ion with a charge state 3O+ deposits in the first 100 or 200 A
of a solid more energy than the same PI with a charge state of only 1O+. As a
consequence, it is obvious that since energy losses are different,

yields of

secondary ions emitted from the surface are also different. Fig. 5 illustrates
this charge state dependence. The material was a thin organic film of the
molecule phenylalanine (C H O N , mw = 165). The incident, charge state of the

primary ion Ar at 1 MeVAi was varied between 7 and 17. For Ar, the equilibrium
charge state ai I MPWU is around 12.
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Target : Phenylalanine
( M - H " ) = 164

0)

U)

2

10 *

Ar 1 Mev / u
2

-

Figure 5
Variation of the emission yield
as function of the incident
charge state of Ar projectiles
at 1 MeIVu.
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The charge state of an Ar ' ion with q = 7 increases as the ion penetrates in the solid. Therefore, the SI yield corresponding to q =• 7 includes
also effects of energy dissipation inside the solid with larger charge state.
If the incident charge state is 16+, the charge state inside decreases and the
SI yield includes effects of dE/dx with smaller charge state. Interactions
below the surface contribute to a smaller rate of variation of Y = f (q ).
20

Projectiles with a smaller atomic number like Ne or a larger atomic number
like 84Kr have different equilibrium charge state values. They generate
respectively smaller and larger SI yield than Ar PI. Fig. 6 shows the results.
A large number of different primary ions has been used in Orsay and
Darmstadt. Fig. 7 summarizes the results. It is observed that different PI
with the same incident charge state and the same velocity provide different
values of SI yield. The reason is that their charge states vary in a different
way below the surface and contribute to a different amount of energy deposited
in the solid.
Fig. 8 shows clearly how the charge state of 3 different ions Ne, Ar and
Kr, with the same initial charge state 1O+, varies in a carbon foil.
An attempt has been made to reproduce the variation of the relative SI
yields as a function of the incident charge state [30,31]. This is indépendant
of any model of energy transfer but ; t is supposed that there is a contribution of the energy deposited at the depth x below the surface. Thus, at this
distance x, the contribution to the total yield depends on the charge state
variation q(x) = f(q ,x). Let us call g— (x,q.) the energy deposited at x,
then the contribution dY(x) to the yield at x can be written as :
10

I (M-H)-=I64Kr

IO" 2

Ar

Figure 6
Relative yield of (M-Hf for the
projectiles
Kr, Ar, Ne at the
same velocity (1 MeV/u) as function of their incident charge
state.
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Figure 7
Similar results as in Fig. 6 for different projectiles. Results
from the right part have been obtained in Darmstadt (K.Wien et al).
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Calculated variation of the ionization for three ions (Ne, Ar, Kr)
at the same velocity entering a carbon foil with a charge state 1O+

dY(x) = A

A step function

i/>(x) =

g|

0(x) dx

1

, where d is an interaction depth

1 + exp

that depends on g— values, has been used to characterize the desorption probaTdE
1n>
bility at a distance x. We have assumed the relation d = B -;—
with
d x (q ,x)

L

Ad = 0,1 d. Therefore one gets :

Y = A
q

If q = q
M

eq

i

exp(x

dE (x,a)

- B[g Iq11
(1)

ax

= cte, we obtain Y

q
eq

* J

= A.B.(q ) n+n> .
eq

In Fig. 9 the fit of the shape of one curve (Kr for example) allows us to
obtain values of B and n'. From the experimental relationship
C q

n+n'

eq

(eq)

deduced from Fig. 9, we obtained n+n' and C = AB. These parameters are the
same for any primary ions on the same target n* values are generally around
1/2 and n values around 2.
12

6

8

IO

14

20

30

Charge state

=> y « C q(eq)n*n

Figure 9 : Experimental and calculated curves for q
eq

This approach is a phenomenological approach and does not explain the
basic processes. It however indicates that there is a certain interaction
depth in the desorption processes and that the energy deposited inside plays a
role in the desorption processes. All of the preceding is valid for molecular
ions and atomic or cluster ions emitted from a film of material. Interaction
depths of 90 ± 20 A and 300 ± 80 À for 32 S and 127I have been estimated by
this procedure. During these studies on SI by multiply charged ions, angles of
impact have been varied as well as thicknesses of material.
II.4. Depth of emission
The increase of secondary yields with the thickness of samples was first
been studied with fission fragments from
Cf [32]. These experiments have
shown that intact molecular ions can be emitted from underneath the upper
layers. Recently, Langmuir-Blodgett (LB) films have been used to obtain quantitative results as function of the sample thickness [33,34]. These results
were consistent with a simple picture of emission from a "crater" with a depth
of about 200 À.
127

32

Experiments with beams of
S and
I at 1 MeV/u, in their equilibrium
charge states were used to bombard L.B. layers of nM on n'M . The number of
top layers n has been varied from 2 to 12. Molecular ion yields from upper and
underlying layers were measured simultaneously for each target. Fig. 10 shows
the results for
I + projectiles for n' = 6 layers. The yield of the top
layer saturates at n « 10 and the yield from the "bottom" layer decreases.
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510-'

The saturation depth is rougly
the same with 32S and 127I although
the electronic stopping power of the
projectiles are different
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e=45-

(dE 127.
„ dE 32 C
-T1 - 3 -T—
S

£ tier1

•]•

>

The absolute secondary ion yield of
emission is, however, 10 times larger
with 127I than 32 S. That is consistent with many other experiments
where a (dE/dx)n dependence of secondary ion yields with h - 2 - 3 is
reported [35]. If we apply the simple
picture of crater emission (conical
volume for example), the cone would
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have the same depth for S and I
but a larger surface cross section in
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Number of Monoloyers M,
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the case of

J ions, which have a

higher dE/dx value.
Figure IO
Yield variation from the top layer and
bottom layer molecular ions as function
of the number of top layers.

H.5. Incident angle dependence of the electronic desorption yield [36j
Experiments with different incident charge states and different angles of
impact have been performed. The charge state effect has been described
previously, but here we also varied the angles 0. Fig. 11 shows an example of
results for a LB target made of two different kinds of molecules. The beam was
127
I at 127 MeV. For an impact angle of 20°, the charge state effect is clearly visible while at grazing angle, around 78°, there is no effect of charge
state. At 20° the slope of yield variation with q} (incident charge state) is
very steep. The deposited energy loss that contributes to the Sl emission
depends on the charge state variations along the track. Qualitatively, at this
angle, the interaction distance (see above) is at least of the order of the
distance traveled for equilibration (200-300 A). As e increases, the influence
of the primary ion charge state vanishes and the yield tends to be flat. The
PI travels a long distance (close to the surface) compared to the equilibrium
charge state distance, and consequently, the secondary emission depends mainly

14

on the energy loss with the charge
state equilibrated. The memory of
the incident charge state is lost.
The geometrical shape of the volume
of emission is expected to vary considerably with the angle of projectile impact and is probably very
asymmetric for larger angles.
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Others results have been shown in
reference [36]. A shock wave model
or a pressure pulse model was used
to tentatively reproduce the data.
Reasonable qualitative agreement was
obtained.
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These results also show that,
with MeV ions, a simple relationship
between the emission yield and the
angle of impact does not exist. Y =
f(9) depends on the incident charge
state.

30*
Charge state

20*

Figure U
Experimental yield of the molecular
ions M-H' as function of the angle
of incidence and the charge state
of the primary ions of
I at 127
MeV.

All the results presented above have been obtained with secondary ions.
Will they be the same for neutral species emitted from the surface ? This is a
very important question because in all theoretical models the ionization step
is not treated. There is therefore a need for new experimental results on neutral emission. These experiments might be more difficult, but they are necessary to confirm that the observation of secondary ions does not give a false
picture of the general mechanism of emission.
Some experiments with neutrals have already been psrformed by the
Uppsala Group [37,38].
Desorption models have been developed by several groups, and it would be
interesting to make a systematic comparison [see 37,38]. The general picture
is that, during the passage of a fast ion through the solid, intense ionization and excitation occurs in and just outside the nuclear track. Electrons
carry energy far

into the material

; the electronic excitation density is
15

assumed to decrease as 1/r with the distance r from the track. This fast process (- 10" sec) must generate a coherent transfer of momentum to the volume
of molecules that escape from the bulk. The angular distribution of emitted
molecules is asymmetric with respect to the primary ion trajectory [39]. This
strongly favors a fluid dynamical model.
There is a long time delay between the electronic energy deposition in
the solid (a fast ion travels 10 A in 10"16 sec) and the molecular ion emis—12
—13
therefore molesion. Molecular vibration and expansion take 10 -10
sec
cules are ejected into vacuum 3 or 4 orders of magnitude later. During all
this time, a large number of complex processes take place in the material.
Experimental access to these intermediate phenomena is very difficult.
However, at the very beginning of the interaction, shortly after the passage of the PI, light ions like H+ or fragments like C+ are emitted from the
solid surface and the study of their emission has been applied to various problems (see IV).

III. EMISSION OF HYDROGEN IONS FROM SOLID SURFACES

In experiments using multiply charged MeV ions as projectiles, it has
been shown that H+ ion emission follows a very simple pattern. For a given
projectile velocity the emission yield of H+ is independent of the bombarding
ion and therefore of the total energy lost in the foil. It depends only on the
primary ion charge state when it crosses the surface, and not on the charge
state variation below the surface. Fig. 12 shows the yield variation of H+ for

Figure 12
Left side : variation of H*
yield with the incident charge
state of the three
projectiles
Ne, Ar, Kr.
Right side : variation of Cs*
from a CsI deposit. A very marked difference is seen.
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projectiles of Ne, Ar, and Kr at 1 MeV/u. At the same incident charge state,
the same yield values are obtained. For comparison the yield of Cs from a CsI
sample is also shown. Another example is given in Fig. 13 with Au and I
projectiles at 0.5 MeV/u. There is an overlapp of charge states between 22*
and 27*. H+ yields are also the same. An application of this experimental
observation has been to use the value of the H+ yield to measure the incident
charge state of fast projectiles.
To investigate the role of the charge state on H+ ion emission, primary
ions with a much lower energy have been used [40,41], for example Tlq ions at
110 keV (- 0.5 keV/u, i.e. 1000 times less of energy) and Arq at 18 keV. In
order to be able to compare MeV ions and keV ions, the measurements were
performed under exactly the same experimental conditions, i.e., with the same
target and in the same reaction chamber continuously kept under vacuum. Only
the projectiles were changed.
Fig. 14 shows the experimental set up. A thin target foil was positioned
in the center of the reaction chamber. Ions of Au and I at 0.5 MeV/u were
obtained from the Tandem machine. The charge selection was made by a magnet
prior to the target. Multiply charged keV ions were obtained from a small
alpha radioactive source. Let us describe the experimental arrangement. It is
easy to obtain multicharged MeV ion from accelerators. It is not as common to
generate 100 keV ions multiply charged. As an ion sourf = we have used recoiling atoms resulting from radioactive alpha decays of
T5O and 12Bi. It is
easy to prepare radioactive sources of thoron emanation on thin gold or aluminium foils. The radioactive decay série leads to 1T3O and 212Bi, which are

0.5
A u q + 0.5MeVVu

0.4

0.3

0.2

Figure 13
Emission of H* ions from the
surface of the same carbon foil
bombarded with 121I and 191Au at
the same velocity.
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212

alpha emitters.
Po emits an 8.78 MeV a particle and
Bi a 6.05 MeV « par
tide. For every a emission there is a recoiling nucleus with an energy
E
- 4 E /208. Due to the internal conversion of the 39.8 keV gamma ray,
recoil

a

a charge state distribution of Tl atoms is generated and can be measured by
time of flight.
It is therefore rather easy and simple to generate multicharged keV ions.
In Fig. 14, an a source is mounted at 20 cm from the target. A recoiling atom
with a certain charge state is associated with each a decay and the a particle
is detected by a silicon detector that provides a start signal. The recoiling
nuclei is accelerated by the difference in potential applied between the
source (3 to 8 keV) and a 98 % transmission grid at zero potential. A thin
grid (at ground) is placed 3 mm from the target surface, which itself is at
the same potential as the source. Because of the different charge states, the
accelerated recoils have different energies, and the measurement of their TOF
between the source and the target allows clearly separation of the different
Silicon detector
Q Source

Energy

Y*—CEEh=:

V

Fast signal
start

Recoiling atoms
CEMA I

Target ±U

Fast signal
stop 2

Electrons

Fast signal
stop 1

Accelerator

BEAM

t q * Au q + 0.5MeV1Zu, lMeV/u

Figure 14
Experimental arrangement for the bombardment of the same target
with projectiles at 0.5 MeV/u and 0.5 keV/u.
charge states that appear as peaks in Fig. 15. The charge state of each inci
dent ion hitting the target is thus identified and selected. It is an event by
event experiment. The TOF of the correlated secondary ions are accumulated in
different computer memories according to the selected charge state.
In Fig. 14, keV ions and MeV ions are shot at the target at an angle of
25°. Where do H+ ions come from ? Hydrogen, water, organic contaminants at the
surface ?
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Figure 15
Charge state distributions of the primary ions of
measured by time of flight.
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A mass spectrum recorded just after cleaning the foil by sputtering with
Ar ions from and Ar gun did not exhibit any H+ lines. However, after a few
minutes, H ions were present again and the yield saturated after 10 minutes.
Negative ions at 16(0") and 17(0H~) were also present in the negative spectra.
This indicates the presence of water at the surface.
After heating a UHV system (at Texas A&M) and cleaning the target, a very
small amount of D2O was introduced in the chamber. Almost immediately, ion
peaks of D*. D*, D* were observed in the mass spectra [42].
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Figure 16
Relative yield of H+ with three projectiles as function of their incident
charge state.
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Fig. 16 shows results obtained on H+ yield as a function of the incident
charge state for the three types of projectiles (Au and I as shown before) and
205
Tl. It is observed that for Tl ions having an energy 1000 times smaller
(v = 3.107 cm/sec), the emission yield of H+ remains about the same. The trend
in the variation is the same, and in all cases a power law Y(H+) « q^ has been
established.
There is no direct evaluation of the mechanism of emission. It has been
emphasized that when a multiply charged ion approaches a surface at a velocity
about 2.107 cm/sec, a large number of electrons are captured in outer shells
at distances 25-50 A from the surface 143]. Auger cascades occur in the decay
processes. The time for the first step of the cascade is around 10"14 - 10"15
sec and X rays are emitted once the projectile has reached the surface. The
triggering process of H+ emission occurs before any charge state variation,
and the question is wether or not the mechanisms are the same for keV and MeV
ions. It is only within the first ten Angstroms through the solid that electron losses and captures change the ionization state of fast ions, and these
10 A are traveled in 10~16 sec. This gives a time scale of 10~ sec for the
triggering process.

e- impacts
H

A)

y//////////////////////////.

H+

BI

H2OtO-20H

Shematic molecular model

Figure 27 : Shematic molecular
representation of attachment.

When a large charge state approaches a
surface, electrons are ejected from the
surface. In keV experiments, as said
before, it seems that electrons escape
from the surface before impact, and it
could happen that the projectile is
partially neutralized before hitting the
surface. In any case, fast displacements
of electrons take place at the surface
where water molecules are attached. Electronic excitation of a surface molecular
bond can occur in 10~16 sec. Excited
states can be repulsive and the electronic
energy (*= coulomb energy) can be converted
into nuclear motion along the direction of
the bond that is ruptured. This picture is
used to explain the preferential direction
of emission of fragments from small molecules adsorbed at surfaces and "desorbed"

by electron impact (ESD = electron stimulated desorption). Fig. 17 shows one
type of attachment of a water molecule to a surface. Angular distribution mea-
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surements of emitted H+ can give information on bonding to the surface as well
as on molecular structure [44].
In our case the primary charged particles arrive at a certain angle 6.
Electron displacement at the surface could excite surface bonding states and
interatomic bonding states. With well known surface structures (in ultra high
vacuum) it would be interesting to perform experiments similar to ESD experiments and verify if angular distributions of H emission would yield information on molecular bonding.
It is likely that a local positive electric charge results from the electronic emission (with keV and MeV ions). A rather strong coulomb respulsion
can therefore accelerate the H+ ions. This would explained the H+ energy
distribution that has an average value around 7-8 eV and that extends to large
value (^ 20 eV). Several groups have measured H+ energy distribution with fission fragments or ion beams [45-49]. A coulomb repulsion model is proposed by
the Uppsala group [49]. The q depent
dependence of the H+ emission yield can also be
explained by a coulomb repulsion [50].
No energy measurement has been made for low energy multiply charged
projectiles. This is obviously one of the experiments to be made. In addition,
the initial energy measurement of H+ as a function of the primary ion charge
state is also another (or simultaneous) experiment to be performed. Light
secondary ions like D+ should also be used.
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A first test experiment was tried at Orsay with a

I beam at 1 MeV/u

but the results were not satisfactory. However, it seems that H+ ions of
higher energy are ejected by more highly charged projectiles. This should be
repeated with keV and MeV ions because, if the mechanisms of emission are
similar with keV and MeV projectiles, the energy spectra should, of course, be
the same.

IV. APPLICATIONS OF THE PHYSICS OF EMISSION OF H + TO THE DETERMINATION
OF EQUILIBRIUM (AND PREEQUILIBRIUM) CHARGE STATE OF A FAST IONS
IN A SOLID

The
ter is a
in solid
layers in
made in

behavior of the charge states of energetic ions passing through matdifficult problem of considerable theoretical interest. Energy losses
and gas depend on charge state and on its variation in the first
the case of desorption. Energy loss measurements in plasma are being
several laboratories in connection with basic aspects of fusion indu-
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ced by fast
questions.

heavy ions [51] leading to a renewal of activity for

these

One of the questions raised a long time ago by Betz was : Is there a difference of ionic projectile charge states inside and outside stripper
targets ? This question deals with electron loss and gain in the solid, excitation time, and differences of equilibrium charge states between gas and
solids. According to Betz and Grodzins [52], Auger transitions take place once
the ion leaves the exit surface of a target. This process of deexcitation from
multiexcited states that are populated inside the solid would account for the
enhancement of the projectile charge state after passage through a solid target. Until now, the equilibrium charge state of a fast ion was determined by
means of a magnetic spectrometer after the beam had passed the target. This
means that the ions have traveled for a long time in vacuum after exiting from
the surface.
Since the yield of H+ is strongly dependent on the charge state of the
projectile, this yield has been used, after calibration, as a sensitive probe
of projectile charge state at the surface.
Fig. 18 illustrates the experimental setup. Several targets can be
successively put in the irradiation position without opening the vacuum
chamber. The target and the MCP detectors are mounted on a rotating platform.
Therefore the beam can bombard the same target surface either directly or from
the back after passage through the target. In both cases the secondary ions
originate from the same area. About 70 cm upstream from the target, a foil
(equilibrium charge state foil) of the same nature and thickness as the target
can be inserted into the beam. At the highest beam velocity used (corresponding to 1.5 MeVYu) the time of flight of an ion projectile is about 40 nsec.
In the "Secondary Ion TOF chamber" carbon foils of 20-40 /mg/cm2 and gold
foils of 170 /jg/cm

are also used. For charge state measurements inside a

solid, very thin foils of nitrocellulose have been prepared as targets (100 À
to 500 A).
The experimental procedure is as follows :
i) Measurement of the calibration yield curve Y(H+) = f (q ). For each
incident charge state the H+ yield per incident ion is measured, for example
curve 1 in Fig. 19.
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(b)
selected charge
stole
detector

(a)

Figure 18
Experimental arrangement for charge state measurements
of fast ions in solids (Tandem Orsay).
H) In a second series of measurements, the "equilibrium charge state
foil" is inserted into the beam and the H+ yield (from the same point of the
target) is again measured as a function of the incident charge state hitting
the equilibrium charge state foil. If the equilibrium charge state is reached
in this foil the H+ yield curve exhibits a flat dependence versus the charge
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Figure 19
Experimental results on equilibrium
charge states (see text).
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25*
30'
Incident charge state
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state. This is shown with curve 3 in Fig. 19. The intersection between curve 1
and 3 gives the equilibrium charge state of an ion more than 40 nsec after
passage through a solid foil ("<q >" in the figure).
eq

iii) The third step is to turn the target by 180°, remove the "equilibrium charge state foil", and measure once more the H+ yield curve as a
function of incident charge states. Results are shown in curve 2 in Fig. 19.
The crossing between curve 1 and 2 gives the equilibrium charge state
measured at the exit surface of the target when the projectile leaves the surface ("<q > exit" in the figures). The results from Fig. 19 indicate that the
eq

charge state at the exit surface is smaller than the charge state measured
more than 40 nsec later. When the target is thick enough to achieve charge
state equilibrium, the H+ yield measured at the exit surface does not depend
on the projectile charge state at the entrance surface and Y(H )
= f (q )
is flat as shown by curve 2 in Fig. 19. This means that the memory of the entrance charge state is lost. If, however, the target thickness is smaller than
the equilibrium distance, the equilibrium charge state is not reached, and the
H+ yield increases with q. This case will be shown in the following section
where very thin targets are used. The experimental yields were reproducible,
their values being checked several times. During the experiments, the target
chamber was not opened to air, all the targets were then kept under vacuum.
As demonstrated in Fig. 19, outside a carbon foil the equilibrium charges
states <q > of * I was found to be 27 whereas inside the foil <q > exit is
eq

eq

only 24.3. These values are average values which
the charge state distribution. However, based on
which varies as q , and the shape of the charge
have calculated that the mean equilibrium charge
the present results are overestimated by only a few

have not been corrected for
the calibration curve Y(H+)
state distributions [53], w.?
state values extracted from
percent.

Several different ion beams and targets have been investigated by using
the H+ method. The increase of charge state of a fast ion traveling through a
foil is observed for projectiles with masses above 40. Let us recall that
equilibrium charge states in gases are smaller than those in solids [54]. For
127

example,
I at 110 MeV the difference between a gas and a carbon target is
about 7 charge units. The post foil increase is only about 3 charge units, and
in general the increase Aq is only 10-15 7. of the equilibrium charge at the
exit surface of a solid. Therefore only part of the difference between gases
and solids can be due to post-deexcitation. Fig. 20 is a schematic view of
charge state variation inside and outside solid targets according to Bohr and
Lindhard [55], Betz and Grodzins [52], and experimental results [53].
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Experimental and theoretical mean equilibrium charge states are presented
in ref. [53].
Theoretical calculations of charge states inside matter have been pursued
by G.Maynard and C.Deutsch [25] who have considered an average atom model with
IO levels of number quantum n populated by Pn electrons. The mean ionization
states <q> can be written as :
n=10

<q> = Z - £ Pn

and

nl

• - - P f.

nll

(2n2 -

(2k -P fe ) 1

with P

n

^ - T-T
fg(n.n)]

kSn

n [

g(k,n)
where, if kmn, Kn.k) = g(n,k) represents the rate coefficient for one
electron transfer from level n to k ; g(n,n) and Kn.n) are rate coefficient
for recombination and ionization [25]. The rate of shell occupancy or vacancy
varies differently for the different shells, as a function of time (and of
distance). In other words the hole population is taken into account. Therefore, according to the total shell population probability, the total ioniza127

tion state can be represented by the calculated curves of Fig. 21 for
I
projectiles at 1 MeVYu passing through a carbon foil. To verify the prediction, experiments based on H+ yield measurements at the exit surface of thin
foils have been performed. This procedure allows the charge state of a projectile to be determined after a certain thickness of material.
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Figure 21
Theoretical predictions for the charge state variation
inside a carbon foil of a 1 I projectile.
By changing the thickness, it is therefore possible to determine mean
ionization charge states as a function of the distance traversed. Self supported targets of carbon foils from 250 to 4000 Angstroms have been bombarded by
primary ions with charge states selected by a magnet (between 19 and 28). Fig.
127

22 shows the experimental variation of the ionization state of

I. It is

shown that whatever the initial ionization state, a common value is reached
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Figure 22
Experimental ionization state variation of
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I in carbon.

after 400-500 Angstroms (pre-equilibrium charge state). The memory of the
entrance channel is lost, but the complete charge state equilibration is not
yet reached. This is clearly observed in Fig. 22 where the charge state
increases beyong 500 A. Full equilibration is attained at about 2000
Angstroms.
These experiments are the first ones to give information on variation of
charge state in matter. Others measurements with different projectiles and
targets would facilitate a comparison with theoretical models and refine our
understanding of complex collisions and excitation in solids. This example
shows that ion desorption phenomena have been unexpectedly applied to another
field in physics.

V. FROM SINGLE ATOMS TO CLUSTER IONS AS PROJECTILES

KeV ions have been used for many years as projectiles to produce secondary ions from inorganic surfaces. It is only since the past decade that this
method of producing ions from non volatile samples has been used for organic
solids [56]. With polyatomic ions as projectiles, an enhancement of the secondary ion yield was observed when compared to single atom ions [57-62].
A systematic study of secondary ion yields from different targets bombarded by various projectiles has been undertaken at our laboratory, following
the first experiments performed by the Uppsala and Texas Groups [63,64]. The
experimental method has been much improved. Organic molecular ions, polyatomic
ions like CsI clusters and metallic clusters of gold have been used as projectiles. Table 1 shows the different projectiles and targets. Bombarding
energies were between a few keV and 56 keV.
Fig. 23 shows the experimental set-up for organic and CsI cluster projec
tiles. These are produced from a compound deposited on a thin foil and desorbed by impact of one of the fission fragments. The other fission fragment is
detected and activates the timing electronics. These "primary ions" are accelerated by the potential U and strike a target after a free field distance.
Upon impact, secondary ions and electrons are emitted from the target. Electrons are very fast and therefore, the time between the spontaneous fission
events and the impact of electrons at MCP2 (see Fig. 23) gives the TOF of primary ions.
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Figure 23
Experimental arrangement for impacts of large
produced by fission
fragments.

clusters

Electronic coincidence window can be set on TOF 1 events (for example on
a molecular ion TOF peak) and this time window serves as a t

marker for the

time signals that are in the same event. An example is given in Fig. 24 a-b.
Fig. 24 is the sum of primary ions and secondary ions. Fig. 24. b shows the SI
spectrum of ions emitted by the impact of a molecule of mass 300 (coronene).
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Figure 24
Cumulative time of flight spectrum (top).
Correlated time of flight spectrum obtained with a time window on M = 300.
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The data acquisition system allows to define several time windows to be defined on TOF 1. The experiment is, of course, performed in an event by event
mode. This allows the study of single projectile-target interactions. Results
(from ref. 65) are presented in Fig. 25.a, which shows SI yield variations as
a function of the cluster size and the energy per mass unit (keV/u). The trend
of the data is higher yields for more complex primary ions. The yield of the
molecular ion M-H" = 164 from the phenylalanine target increases by a factor
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of 20 upon going from Cs to Cs I . That is a yield enhancement of about 7. We
define the yield enhancement factor G for a homonuclear projectile A having n
n

constituents by :
Y An (E)
e = nY A(E/n)
where Y A (E) is the secondary ion yield for the cluster projectile at energy
n

E and Y A(E/n) the yield for the constituent atom of the homonuclear projectile at equal velocity.
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Figure 25
o Relative yield per constituent of the
cluster projectile as function of KeV/u
units (<x v ) .
o The results with gold clusters have been
obtained with a liquid metal ion source.
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Similar effects have been observed with clusters of gold atoms bombarding
targets. In this case, a liquid metal ion source (LMIS) built by P. Sudraud
and G. Ben Assayag 166] has been used . A pulsation of the extracted focused
beam allows easy identification, by time of flight measurements, of the different cluster ions produced in the source [67-68]. With a double pulsation it
is possible to select a Au cluster of a given mass with which to bombard a

1

TlIe simple design for the ion source can be obtained from P.Sudraud, Orsay
Physics, Orsay
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target. The intensity of the ion source is adjusted to a small value in order
to have only one or none primary ion per pulse. The exact number of cluster
ions hitting the target surface can be accurately known. Fig. 25. b shows the
variation of the molecular ion yield of (M-H) from phenylalanine for the different projectiles Au , Au +, Au + , Au + , Au + as function of keV/u.
1

2

3

^r

o

Yield variation
The general trend of variation is very similar to that observed with CsI
clusters. The variation of yield with the energy of impact is very steep and
it would certainly be very interesting to increase the kinetic energy of those
high mass clusters.
The three types of projectiles ; organic molecules (composed of light
elements), ionic clusters (mass of constituent about 130), and gold clusters
(mass of constituent equal to 197) all produce the same yield enhancements.
The SI yields are proportional to the square of the projectile velocity V
and follow a power law of the number of cluster constituents n. This can be
expressed with the following equation :
Y(SI) = K(SI).ntt.V2

(6)

- a = 2 for SI atomic ions I , Au and organic fragments and molecules,
- a = 3 for SI cluster as (CsI) I~, Au I ~.
n

k I

Let us consider the mass B of the constituent for a simple homonuclear
cluster projectile B . We can write :
n

Y (SI) = k(B).n2.B2.V2 = k(B).M2.Vz = k(B).P 2

(7)

B

n

Here, the constant k depends on the SI and the mass of the constituent of the
cluster. In this case, the yield is proportional to the square of the projectile momentum P. This simple expression suggests that momentum plays a major
role in the desorption process.
Although the processes of energy deposition by keV cluster ions and MeV
ions are different, it is of interest to compare the desorption yields of both
types of projectiles. The secondary ion emission reflects the amount of energy
that is brought into the medium over a certain distance below the surface in
an undefined volume after energy damping. A rough estimate indicates that for
a fast ion (M = 100, E = 60 MeV) the amount of energy available for desorption
is about 100 keV if one considers a desorption depth of 200 A. On the other
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hand, a gold cluster Au with an energy of 60 keV deposits its energy over a
6

distance between 150 and 200 A. The linear energy loss values are thus not so
different. Table 2 give a comparison of secondary ion yield between different
cluster projectiles and fission fragments (F.F.) from
Cf. It is known that
atomic ions in the keV energy regime are much less efficient than MeV ions for
desorption-ionization (a factor of 20 to 100 less per projectile for organic
compounds). It is interesting to note that gold clusters of Au at 27 keV and
Au2+ at 60 keV give secondary yield values close to those obtained with fis3

sion fragments for polyatomic samples. For a monoatomic target (Gold foil),
cluster ions generate a much larger yield of Au" than F.F.
"^^v.

P.I .
>

TARGET
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Table 2
A new project [69] for high energetic cluster ions is being prepared at
the Orsay Institut. A large amount of energy could be deposited in a short
time on a small area. As in the case of a laser, it is possible to calculate the
"power density" for a fast molecular ion striking a surface. For example, a
molecular ion of mass 20000 daltons (with a mean radius of 50 A) at an energy
of 4 MeV will deposit its energy in a time around 5.10 14 sec. That gives a
14

2

power density of 10 W/cm . If the energy reaches 400 MeV, the power density
could be around 101 -10 W/cm . The most powerful picosecond lasers are in
this power range. Energy loss processes, simulation of high current density
beams, fluid dynamical pressures, surface target modifications, and interstellar collisions simulation will all be within the scope of studies with
energetic clusters.
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VI. LASER DESORPTION

It has already been demonstrated that very large biomolecules can be
introduced in the gas phase by shooting with UV laser light on solid samples
[70-72]. Molecules with masses larger than 100,000 were observed [72-78]. Very
peculiar conditions have been established in the preparation of the samples,
which, of course, are linked to emission processes.

For example, a dilute solution of the analyte (10~4-10~5 mole/1) is mixed
with a more concentrated solution of the matrix. A small amount of
analyte/matrix is dried on a metallic sample holder (molar ratio » 10"*).
Matrices as nicotinic acid or cinnamic acid have proved to be very useful and
efficient. A very small amount of material is necessary (femtomole range). The
method will certainly be very useful in the future and several laboratories
are working on its development. Small and inexpensive UV lasers are now available, and analytical instruments can be easily built. Because of their ability to measure large masses, time of flight instruments are certainly very well
adapted to matrix assisted laser desorption. An example of a TOF spectrum with
masses up to 150,000 is shown in Fig. 26 from results obtained by the
Rockefeller group [79].

60000

100000
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m/z

Figure 26
Mass spectrum of intact molecules ejected from a sample.
Results from BJChait and R.Beavis (Rockfeller
University).
At Orsay, various TOF spectra have been obtained with the multidesorption
probe TOF system TOF. 23. A pulse N2 laser is used. An interesting spectrum
(Fig. 27) recorded with TOF23 (IPN-Orsay) shows that molecular cluster ions of
large molecules can be emitted by laser desorption. The number of molecules in
the clusters depends on the mode of preparation of the sample and on the laser
power. In Fig. 27 cluster ions of insulin molecules with m/z larger than 42000
are observed.
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Bovine Insulin (MW 5733)
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Figure ZI
TOF mass spectrum of insulin cluster ions produced
by matrix assisted laser desorption (Orsay)
In TOF spectra, a large number of low mass ions and neutrals are visible.
They are formed at the surface of the sample (narrow peaks) and in the acceleration space (broad peaks). The rather broad mass region at apparent masses
below 1000 is probably due to in-flight decompositions of matrix clusters in
the acceleration region. The molecular ion peak shape of large molecules indicates that these ions are released from the surface of the solid sample at an
early stage of the gas phase transition.
Intact molecular ions are emitted from the sample if the power density at
the surface is small. This is defined by P = W/Sx where W is the energy per
pulse, T the duration of pulse, S the area of impact. It has been shown that a
6

2

power density of around 10 watt/cm can be considered as a desorption
threshold value. The role of the matrix is very important since the laser
wavelength must be strongly absorbed by the matrix molecules. Almost all of
the energy is supposed to be absorbed in internal vibrations of the host molecules (matrix) and transfered to lattice vibrations on a time scale of 10~12
sec. The energy density in the lattice vibrations must increase very quickly
to cause a "sublimation spike" producing an ejection of material containing
the embedded large molecules into the gas phase. To be ejected, a substantial
amount of momentum has to be transfered to the molecules.
Theoretical models [80,81] of matrix assisted laser desorptions try to
explain the spectacular experimental results. As with keV and MeV ions these
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models are certainly useful and can serve as a guide line to experimentalists
who are still working to improve the method.
This recent discovery has opened new directions of research. Besides the
theoretical aspects, the field of biology should benefit from the progress
made to identify very large molecules. The detection of large molecular ions
with small velocity is a crucial problem and efforts are being developed in
several laboratories. Laser desorption experiments are rather simple to
perform, and the equipment is now rather inexpensive. Time of flight techniques are mainly used.
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