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Charge-state dependence of fast heavy-ion-induced desorption yields
described in a thermal model
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(Received 10 November 1987)

Yields for secondary ions desorbed from valine, tetrabutylammonium tetraphenylborate, and CsI
samples by 13- and 30-MeV ' 0 ions have been measured as a function of the primary-ion charge
state. The experimental data can be reproduced in terms of a simple thermal model.

I. INTRODUCTION

Heavy ions with energies of the order of 1 MeV/amu
impinging on dielectric samples are able to desorb ions
from the sample surface. Interestingly enough, large fra-
gile and otherwise involatile organic molecules can be
desorbed in this way. This has been pointed out for the
first time by Macfarlane and co-workers. ' Meanwhile
this method has been established as a powerful tool in the
mass spectrometry of large biomolecules.

Besides the applied aspect, the question of the underly-
ing desorption mechanism is also of interest. To study
this mechanism a number of experiments have been car-
ried out by several groups (see, e.g., Ref. 3) mainly with
heavy ions from particle accelerators. Accelerator beams
are particularly useful in this respect if the dependence of
the desorption yield Y is studied as a function of the
primary-ion parameters like energy E, mass m, or in-
cident char'ge state q;.

This work deals with the dependence of Y on q, . This
dependence has already been the subject of intensive ex-
perimental investigations, since it is rather important
for the understanding of the desorption mechanism. The
experiments show that the primary ion interacts with
the desorbed molecule not only at the very surface, but
also from the interior of the sample, i.e., energy deposited
by the primary ion at some distance from the surface is
also used up to initiate the desorption of a surface mole-
cule.

This fact prompted us to develop a macroscopic
thermal model which explicitly takes into account the
interaction from the interior (see also Ref. 10). The mod-
el is able to reproduce the dependence of Y on the
primary-ion energy as has been shown in Ref. 9 for a
number of primary ions impinging on valine and CsI
samples. The main purpose of this work is to test the
model also with measured Y(q; ) dependences.

II. EXPERIMENTAL TECHNIQUE

Y(q; ) rneasurernents have been performed with the ' 0
beam of the Erlangen EN tandem accelerator. The beam
intensity had to be reduced very drastically (typically 100
primary ions per second) in order not to destroy the sam-
ple surface and the surface barrier detector used to stop
the primary ions (see the following). A "reduced" beam

can easily be obtained at our accelerator since the beam
runs through two identical 90' analyzing magnets before
entering the target chamber. The second magnet can be
used to pick up a charge state q,. different from the charge
state qk selected by the first magnet. The intensity of the
beam with charge state q; can be regulated by varying the
pressure between the two magnets.

For the measurements it is essential to ensure that the
charge state q; picked up by the second magnet is not
changed before hitting the sample surface. Scattering
from residual gas atoms as well as scattering from colli-
mators, slits, " and the accelerating grid in the time-of-
flight mass spectrometer used to analyze the desorbed
secondary ions (see the following) are sources for charge-
changing processes. To eliminate these sources we did
not use collimators or slits and replaced the accelerating
grid by an annular accelerating electrode. Besides this
the vacuum between magnet and sample (distance -7 m)
was kept below 3 )& 10 Torr corresponding to
N (1.4X 10' cm residual gas atoms. This condition
ensures that in the worst case (13-MeV ' 0 ions with
q;=2) less than 2%%uo of the primary ions have suffered
charge-changing processes (see Fig. 1). The error intro-
duced in this way is of the order of the statistical error of
the yield measurements.

The secondary ions were analyzed with a time-of-flight
mass spectrometer in which the sample was positioned in
such a way that the reduced beam hit the surface from
the front side. The angle 8 between beam and spectrome-
ter axis is 30 deg. The start signal for the flight-time
measurement is obtained from a surface-barrier detector
mounted behind the sample. This detector registers the
incident primary ions. The stop signal is obtained from a
chevron which detects the secondary ions having
traversed the flight path (for details see Ref. 13). Secon-
dary ions with masses smaller than the mass of interest
were eliminated (by means of the time-of-flight electronic)
in order to avoid the "schatten" effect. '

The samples investigated are valine, CsI, and tetrabu-
tylammonium tetraphenylborate [in the following the cat-
ion with m =242 amu and the anion with m =319 amu
are abbreviated (TBA)+ and (TPB), respectively]. They
were deposited onto a substrate by means of vacuum eva-
poration in order to get a good surface structure. The
substrate consists of a 40-pgcm -thick Formvar foil
which was covered by a thin gold layer. Sample
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FIG. 1. Variation of the fraction of ' 0 ions with initial
charge state q, as a function of the thickness X of gaseous nitro-
gen they have passed through. The curves are calculated from
the electron loss and capture data of Ref. 12.

o
0 2

thicknesses were of the order of 15—40 pg cm
Since the accelerator beam had to be tuned again every

time a new charge state q; was selected, it could not be
excluded that the experimental conditions changed
slightly from data point to data point (a slightly different
beam position on the target, a different beam profile).
Therefore an additional measurement was performed for
each data point using a beam with an equilibrium charge
state distribution and a corresponding average charge
(q ). The distribution was generated by means of a thin
C foil (=20 @gem ) which could be placed in the
primary-ion path at a distance of 80 cm from the sample.
These measurements were used to normalize the data.
The procedure could be cross-checked by measurements
with primary ions with an initial charge state q, equal to
the average equilibrium charge ( q ) ( ( q ) =6 and 7 in the
case of 13- and 30-MeV ' 0 ions, respectively; see Ref.
15). It should be noted that the measured yields are rela-
tive yields' since the absolute efficiency of the mass spec-
trometer is not known.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Figures 2—5 show the q; dependences of the
secondary-ion yields for valine, (TBA)+ (TPB), and CsI
samples obtained for 13- and 30-MeV ' 0 primary ions.
It is obvious from these figures that a pronounced q,
dependence exists: The yields increase with increasing q;
value. This is to be expected since the desorption yield Y
depends on the energy deposited by the primary ion
which in turn is proportional to the squared ion charge
for a fixed energy. Nevertheless, one does not observe a
q, dependence for the yield functions (see the dashed
curve in Fig. 2). Among others there are the following

FIG. 2. Yields Y for secondary ions desorbed from a valine
sample by 13-MeV ' 0 primary ions as a function of the initial
charge state q, . Solid lines are guides for the eye. In the inset
the lines are normalized to Y=1 for q, =2. The dashed line
would be obtained for the [M+H]+ yield if the desorption
yield were proportional to q, (note that q, =6 corresponds to
the average equilibrium charge (q ) of a 13-MeV ' 0 beam). M
indicates the valine molecule.

reasons for this: (i) the desorption yield is not propor-
tional to the pritnary-ion energy loss' ' and (ii) the en-
ergy spent by a surface molecule to leave the surface orig-
inates not only from the energy loss deposited at the sur-
face but also from losses deposited in the interior of the
sample where charge-changing processes play a role.

The latter aspect has already been used in Refs. 5 and 7
and in an improved way in Ref. 8 to describe measured
Y(q;) dependences. Even though the features of the data
are satisfactorily reproduced, one can consider the pro-
cedure used in Refs. 5, 7, and 8 only as a zero-order ap-
proximation since it neglects the finite desorption proba-
bility of a surface molecule and since it takes only ap-
proximately into account the effects of the energy dissipa-
tion within the sample. It yields, however, a quantity
called desorption depth (interaction depth ) k; it deter-
mines the maximum depth at which the primary ion still
interacts with a surface molecule (via the energy loss)
with the result that the molecule is eventually desorbed.
It is shown in Refs. 7 and 8 that A, is smaller than the
equilibrium depth, i.e., the depth necessary to establish a
charge-state equilibrium for the primary-ion beam, and
that A, increases with increasing energy loss of the pri-
mary ions.
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FIG. 3. Yield functions for positive secondary ions desorbed
by 30-MeV ' 0 ions from a valine sample as a function of the in-
itial charge state q, . The solid lines are guides for the eye.
These lines are normalized to Y =1 for q, =3 in the inset. For
30-MeV '60 ions (q ) equals 7.

FIG. 4. Yield functions for secondary ions desorbed from a
(TBA)+ (TPB) sample by 13-MeV ' 0 ions. (TBA)+Fions are
fragments of the cation (TBA)+. (TPB) is the anion of the
sample molecule. The solid lines are guides for the eye. The in-
set shows the yield functions for positive secondary ions as nor-
malized to Y=1 for q;=2.

Besides the quite general dependence of Fon q, already
mentioned, we observe in detail that Y(q;) differs for
different secondary ions desorbed from the same sample.
This can be seen in Figs. 2—4, particularly in the insets,
which show in[ Y(q;)] for different secondary-ion species
normalized at the smallest charge state investigated. Ob-
viously Y(q;) distributions are steeper for negative secon-
dary ions than for positive secondary ions. Besides this
the slopes of Y(q; ) distributions for secondary ions with
small masses are steeper than those for ions with large
masses. The latter observation is in agreement with re-
sults of Ref. 8.
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The Y(q;) dependences measured will be compared in
the following with a model which has already been de-
scribed in detail in Ref. 9, where a discussion of the appli-
cability of the model can also be found. Therefore the
concept and the main assumptions of this model are only
briefly summarized in the following. For further details
the reader is referred to Ref. 9.

It is assumed in the model that molecular ions are
desorbed from the very surface of the sample with a prob-

FIG. 5. ' 0-induced Cs+ yields from a CsI sample as a func-
tion of the initial charge state q, . Solid and dashed lines are the
predictions of the thermal model. The dashed lines represent
calculations performed with a constant value for the surface
binding energy (U& ——6.2 eV) ~ The solid curves are obtained if
Uo is continuously decreased with increasing q, values (between
6.2 and 5.0 eV and 6.2 and 5.2 eV in the case of the 13-MeV and
30-MeV data, respectively).
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To EEI/np——C,R, . (2)

The thermal diffusivity 5 is given as 5=~/pC„, where K,

p, and C, are the thermal conductivity, the density of the
sample, and the specific heat at constant volume, respec-
tively.

With these assumptions one obtains the following ex-
pression for the secondary-ion yield Y:

Ycc g R, bR exp[ —Uo/E, (r;",ti)],
i,j,k

(3)

i.e., the yield is proportional to the sum of annular sur-
faces characterized by the energy E, and weighted by the
desorption probability.

A circular region with radius RF (the fragmentation
radius) on the surface around the ion track is excluded
from the sum in Eq. (3) if the desorption yield of fragile
molecules is calculated. ' This region is characterized by
a high energy density which causes the molecules in that
area to break apart in several small fragment ions. It is
obvious that the fragmentation radius RF depends on the
energy deposited by the primary ion. Obviously, for the
desorption of Cs+ ions such an area cannot be excluded.
It should be noted that the model takes into account that
molecules can be desorbed from layers underneath the
sample surface, provided that the molecules in the layers
above are already evaporized. The calculations show,

ability proportional to exp[ —Uo/E, (r;",t )], where Uo is
the effective surface binding energy of the molecule and
E,(r,",t. )i.s the energy available at the time t (the projec-
tile hits the sample at ti =0) at the molecular site having
the distance R; from the primary-ion trajectory and the
distance r, from the point P„(with distance Xk from the
surface) lying on the ion path. The source for the energy
E, is the primary-ion energy loss. It is located at Pk.
The energy transport from Pk to the molecular site is cal-
culated according to an expression given by Mozumder,

E (r, t) =kT&(1+45t /R, )
' exp[ r /—(R, +45t)], (1)

where 5, R„and To are the thermal diffusivity, the hot
core radius, and the effective temperature of the hot core,
respectively. The hot core is defined as a cylindrical re-
gion surrounding the heavy-ion track. The hot core ra-
dius R, is given by the range of the low-energy (E (100
eV) electrons originating from collisions between heavy-
ion and target electrons; R, depends, according to Ref.
20, on the velocity of the heavy ion and is of the order of
10—40 A. The temperature To is defined in terms of the
linear energy transfer b,EI as

however, that this possibility can be neglected for pri-
mary ions with relatively small energy loss, in agreement
with the experimental results of Ref. 22.

In Ref. 9 it is assumed that the average charge of the
incident heavy-ion beam does not change along the ion
track in the sample. This assumption does not hold in
the present case. As previously mentioned, charge-
changing processes take place along the track which have
to be involved in the model. This means one has to con-
sider that the energy deposited by the primary ion
changes from point to point along the ion trajectory. For
this purpose one must know the average charge of the
heavy-ion beam at each point Pk along the ion trajectory.
It should be noted that the charge-state distribution re-
sponsible for this average charge is not an equilibrium
distribution since the distances Xk of these points Pk
from which considerable amounts of energy still reach
the sample surface are small compared to the depth (X )
necessary to establish a charge-state equilibrium (the
maximum distance to be considered for the calculations
is of the order of 100—200 A; see Ref. 9). Nonequilibrium
charge-state distributions for low-energy ' 0 ions in solid
matter are measured only in a few cases (see Ref. 23);
they are not available for the samples investigated in this
work. We have therefore considered the I q (X) I distribu-
tions for ' 0 in valine and CsI as a fit parameter in our
model calculations.

B. Comparison with valine data

Actual calculations in the framework of the thermal
model for arbitrary samples suffer from the fact that the
parameters needed are not available in most cases for the
organic compounds studied. Fortunately for valine some
of the parameters exist in the literature or could be de-
duced from values of similar compounds. They are listed
in Table I together with the parameters for CsI. The
same parameters have been used to reproduce the yield
functions measured in Ref. 9 where a justification for the
applicability of the values can also be found.

Results of the model calculations for yields obtained
from a valine sample are shown in Fig. 6. For these cal-

0
culations a constant hot core radius of R, =15 A was
used. The fragmentation radius RF was smoothly in-
creased with increasing initial charge state q, , i.e., with
increasing linear energy transfer b,E, (see Fig. 7; AEI is
proportional to q; ). The calculations are performed for
an incident angle 8=0' (calculations performed with the
actual angle differ only by a constant factor).

It follows from Fig. 7 that the RF values for [M+H]+

TABLE I. Parameters used for the model calculations. The values agree with those used in Ref. 9 to
describe the dependence of the secondary-ion yield on the primary-ion energy.

Compound
P

(g/cm )

K

(J/cm s K)
Cp

(J/g K)
Uo

(eV)

1.69[M +H]+

R,
(A)

RF
(A)

valine 1.32 2 X10-' (30'C) 1.45 (25'C) 15 variable

CsI 4.5 1.2 ~ 10 (0') 0.2 (25'C)
3.69[M —H]
6.21 20
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FIG. 6. Results of the model calculations (solid lines) for the
' 0-induced desorption from a valine sample. For details see
the text.

and [M —H] ions are almost identical. Moreover, it
turns out that the RF values for charge states which
represent the equilibrium average charge (q; = (q ) ) agree
with those values used in Ref. 9 to reproduce the depen-
dence of the yield on the primary-ion energy (these data
were obtained for primary ions with an equilibrium
charge-state distribution).

Figure 8 shows the energy-loss variation of ' 0 ions
with incident charge q; as a function of the depth X the

4 6 8 10
X t pg ICm 2)

FIG. 8. Dependence of the [q]'/v' ratio of ' 0 ions
penetrating into a valine sample with different initial charges q,
as a function of the penetration depth X. The curves are ob-
tained from a fit to the experimental data (see the text). (q j is
the nonequilibrium average charge, U is the ' 0 velocity. The
inset shows tq (X) ] dependences for q, =8 as obtained for 30-
MeV (this work) and 40-MeV ' 0 ions (from Ref. 23). In the
latter case the curve is deduced from nonequilibrium charge-
state measurements performed with a carbon sample.
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FIG. 7. Dependence of the fragmentation radius RF used to
reproduce the data of Fig. 6 on the linear energy transfer AEI of
' 0 ions in valine. The initial charge state is indicated by the
numbers above the symbol. Circles mark the values for
[M +H]+ secondary ions (open circles refer to 13-MeV '60, full
circles to 30-MeV ' 0 ions). Triangles mark the values for
[M —H] secondary ions.

ions have penetrated into the valine sample. This func-
tional dependence was used in the model calculations to
reproduce the data of Fig. 6. In Fig. 8 actually the ratio
tq I /v (it is proportional to the primary-ion energy loss)
is shown as a function of the sample thickness X. This X
dependence seems to be reasonable, as can be seen by
comparing the Iq(X)] dependences for ' 0 ions with

q; =8 obtained for 30 MeV in this work and for 40 MeV
as obtained in Ref. 23 from a measurement of the non-
equilibrium charge-state distribution in a carbon sample.
This comparison is made in the inset of Fig. 8. Both
I q (X) ] functions shown exhibit a similar X dependence.
The fact that the slope of the 30-MeV function is some-
what steeper than that of the 40-MeV function is to be
expected, since the charge-changing processes occur
more vigorously for smaller ion energies. " The same
feature can be observed by comparing the Iq) /v func-
tions obtained for 13 and 30 MeV.

There are two additional reasons to believe that the
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Iq(X)) dependences used are reasonable: (i) the non-
equilibrium charge Iq I becomes the equilibrium charge
(q ) for large X values ((q ) =6 and 7 for 13 MeV and 30
MeV, respectively' ) and (ii) the equilibrium depth (X )
deducable from the 30-MeV distributions ((X) & 10 A)
compares with that obtained for 40-MeV ' 0 ions in solid
carbon.

It should be noted that the slightly different q; depen-
dences observed for [M-COOH]+, [M +H]+, and
[2M+H]+ secondary ions desorbed from the valine
sample {see Figs. 2 and 3) can be reproduced with the
model calculations if a somewhat smaller fragmentation
radius RF is used for [M-COOH]+ ions than for
[M +H]+ ions (and a larger radius for [2M +H]+ ions).
This seems reasonable, since one can safely assume that
the fragile dimer originates within a surface area which is
"colder" than the area from which the [M-COOH]+ ions
are desorbed. The eff'ect of a permanently larger (smaller)
RF value (compared to the standard value) is shown in

Fig. 9 which supports the above explanation. The slight-
ly different q; dependences observed for the sample
(TBA)+ (TPB) (see Fig. 4) can be explained along the
same lines.

given in Table I; they agree with those used in Ref. 9. As
in Ref. 9, RF and R, were chosen to be 0 A and 15 A, re-
spectively. The dependence of the average charge Iqj of
the primary-ion beam on the thickness X of the sample it
has passed through was chosen in such a way that at least
the yields for small initial charges are reproduced (dashed
lines in Fig. 5). The Iq j functions obtained in this way
are shown in Fig. 10 (actually the ratio I q ] /v is
shown). It is obvious from this figure that charge-
changing effects occur much more rapidly in CsI com-
pared to valine. This is to be expected, since the electron
loss and capture cross sections for ' 0 projectiles increase
with increasing atomic number of the sample.

Obviously the calculations performed as described
above (the dashed lines in Fig. 5) underestimate the yields
for large incident charge states, i.e., for large energy
losses of the primary ions. Similarly, the model calcula-
tions of Ref. 9 underestimate the measured Cs+ yields at
small primary-ion energies (i.e., large energy losses) un-
less the effect of the Coulomb repulsion is taken into ac-
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C. Comparison with CsI data

The results of model calculations for Cs+ yields ob-
tained from a CsI sample by bombardment with 13- and
30-MeV ' 0 ions are given in Fig. 5 (solid and dashed
lines). The parameters used for these calculations are
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FIG. 9. Model calculations for the ' 0 (30-MeV) induced
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FIG. 10. Dependence of the Iq )'/v2 ratio of '60 ions with
initial charge q, penetrating into a CsI sample on the penetra-
tion depth X. The curves are obtained from a fit to the experi-
mental data. tq j is the nonequilibrium average charge, v is the
' 0 ion velocity.
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count: In the case of large energy losses the primary-ion
path is surrounded by a zone with large positive charge
density. The positive charges repell the Cs+ ions. This
eft'ect can be involved in the model calculations by de-
creasing the value of the surface binding energy Uo. If
one uses reduced Uo values (a similar reduction as in Ref.
9) in the case of the large charge states it is possible to
reproduce the measured q, dependence (solid lines in Fig.
5).

and 30-MeV ' 0 ions on the primary-ion charge q; can be
described in the framework of a simple thermal model.
This model needs only the thermophysical properties and
an efFective surface binding energy as input parameters.
The details of the measured q; dependence can be ac-
counted for in the model by introducing a fragmentation
zone which docs not contribute to the yield of fragile
molecules and an energy-loss-dependent surface binding
energy which allows for the efFect of Coulomb repulsion.
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