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bstract

The capabilities of time of flight secondary ion mass spectrometry (TOF-SIMS) have been recently greatly improved with the arrival in this
eld of polyatomic ion sources. This technique is now able to map at the micron scale intact organic molecules in a range of a thousand Daltons or
ore, at the surface of tissue samples. Nevertheless, this remains a surface analysis technique, and three-dimensional information on the molecular

omposition of the sample could not be obtained due to the damage undergone by the organic molecules during their irradiation. The situation
hanged slightly with the low damage and low penetration depth of the C60 fullerene ion beams. Recent promising studies have shown the possibility
f organic molecular depth profiling using this kind of beams onto model samples. This possibility has been tried out directly onto a rat brain
issue section, which is the most commonly used biological tissue model in TOF-SIMS imaging method developments. The tissue surface has been
puttered with a 10 keV energy fullerene ion beam, and surface analyses were done with a 25 keV Bi3

+ ion beam at regular time intervals. The total
16 −2
epth which was analysed was more than two microns, with total primary ion doses of more than 10 ions cm . Although not in contradiction

ith results previously published but with much lower doses, it is found that the molecular damage remains too large, thus making molecular
maging very difficult. In addition, most of the lipids, which are usually the main observable molecules in TOF-SIMS, are concentrated close to
he sample surface in the first hundreds of nanometers.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Polyatomic ion sources have recently greatly improved the
apabilities of TOF-SIMS imaging in the field of biological anal-
sis. Mass spectrometric images can be routinely obtained from
issue samples with ions having mass to charge ratio well above
everal hundreds of mass units, up to one thousand or more.
hese images usually have a resolution of a few microns or

ess, together with a mass resolution of several thousands, thus
nabling essential precise mass assignments. The most com-
only used cluster ion beams are made of gold or bismuth [1–4],

hile C60 fullerene ions are also very efficient [5]. This method

s now considered to be complementary to other mass spectrom-
try imaging techniques [6]. On the one hand, the Nano-SIMS
ethod, with extreme spatial resolution of a few tens of nanome-

ers, but allowing only elemental analysis [7], and on the other
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and the matrix assisted laser desorption-ionization (MALDI)
maging, with the capability to map peptides and proteins of sev-
ral tens of thousands of Daltons, but with a spatial resolution
f a few tens of microns only [8].

In SIMS analysis of non-organic samples, three-dimensional
nalyses are usually achieved using the so-called dual beam
epth profiling method [9]. A first low energy beam sputters the
ample surface, causing the minimum atomic displacements,
hile a second ion beam, with the highest sensitivity, is used to

nalyze layer after layer of the sputtered sample surface. Such
easurements are extremely difficult to achieve with organic

amples. Indeed, the energy deposited by the sputtering beam
n the layers below those which are removed causes too much
amage to the fragile organic molecules. It is therefore hopeless
o expect non-fragmented molecular ions to be desorbed.

ullerene and SF5

+ cluster ion beams have recently been
ested for molecular depth profiling onto model samples and
re expected to circumvent the severe drawback of excessive
olecular damage [10–16]. In most of these papers, C60

+ ion

mailto:Alain.Brunelle@icsn.cnrs-gif.fr
dx.doi.org/10.1016/j.ijms.2006.09.026


1 l of M

d
r
i
o
t
w
m
q
n
i
l
e
p

o
b
i
f

2

p
G
c
w
m
w
q
f
T
a
d
b
r
w
f
r
b
i
o
m
i
i
t
e
a
d
a
w
s
h
b
o

(

S

S
a
o
i
t

(

p
c
s
0
f
d
o
c
t

i
−
t

16 D. Debois et al. / International Journa

oses of several 1014 ions cm−2 are sufficient to completely
emove Langmuir–Blodgett films, trehalose films, histamine in
ce, or polymers. These films have been chosen for capability
f being uniformly deposited onto silicon substrates with
hicknesses of several hundreds of nanometers. It is shown that
ith a C60 probe the sputtering, or removal rate, can exceed the
olecular damage and that the molecular ion emission remains

uasi uniform layer after layer over a depth of several hundreds
anometers. This is due to both the very high sputtering rate
nduced by such projectiles, and also because of their very
ow penetration depth [17]. Then the authors of Refs. [10–16]
xplain that a fullerene ion beam could be an efficient sputtering
robe for molecular depth profiling into organic layers.

The objective of the present work is to test the capabilities
f a 10 keV fullerene ion beam to sputter the surface of a rat
rain section, which is commonly used as a biological standard
n TOF-SIMS imaging [6], coupled with a 25 keV Bi3+ beam
or the analysis.

. Experimental

The experiments described in the present paper have been
erformed using a TOF-SIMS IV (ION-TOF GmbH, Münster,
ermany) [18] reflectron-type mass spectrometer located at Tas-

on GmbH company (Münster, Germany). This machine is fitted
ith two different primary ions sources and columns. The pri-
ary ion source is a bismuth liquid metal ion source (LMIG)
hich delivers Binq+ bismuth cluster ions, with n = 1–7 and
= 1–2. The kinetic energy of these ions is 25q keV (25 keV

or singly charged ions and 50 keV for doubly charged ions).
he angle of incidence is 45◦. Bi3+ ions were always selected
s it is known that, among all the different bismuth clusters pro-
uced by the ion source, these ions offer the best compromise
etween efficiency and intensity (called “relative specific data
ate” in Ref. [4]). The setting of this primary ion column, which
as used in the present experiments, ensures the three following

eatures, a good spot size, excellent pulse duration, and high cur-
ents. This setting is usually called “high current bunch mode”
y the manufacturer [19]. A three-lens ion column focuses the
on beam on the target surface to a spot having a typical size
f ∼1–2 �m. A double blanking plate system gives primary ion
ass selection with repetition rates up to 50 kHz. The primary

on current, which is measured on the grounded sample holder,
s ∼0.3 pA at 10 kHz. The bunching system gives pulse dura-
ions of ∼1 ns for Bi3+ ions, which ensures a mass resolution
xceeding M/�M = 104 (full width at half maximum [FWHM])
t m/z > 500. This spectrometer is able to perform dual beam
epth profiling, with the help of a fullerene ion source acting as
sputter gun. The ion column of this gas ion source is equipped
ith a dynamic 90◦ deflection unit which ensures the ion species

election (q/m ratio). C60
+ ions with a kinetic energy of 10 keV

it the sample surface with an angle of incidence of 45◦. A dual
eam depth profiling experiment is performed by the repetition

f the following two step sequence:

(i) Step A. Irradiation with the C60
+ sputtering beam, with

a current of 2 nA, during 1 s, and over an area of

T
t
b
t

ass Spectrometry 260 (2007) 115–120

300 �m × 300 �m. The fullerene ion dose density is for
each step 2.8 × 1013 ions cm−2.

ii) Step B. A surface analysis with Bi3+ primary ions, with
a pulsed primary ion current of 0.1 pA at 200 �s, over an
area of 110 �m × 110 �m, inside and at the center of the
previous sputtered area. The primary ion dose density is for
each analysis point 1.5 × 1010 ions cm−2. In that case the
bismuth cluster ion beam, which has a focus of ∼1–2 �m,
is rastered over the surface. Images of each Step B, or of
a sum of several Steps B can be obtained, with an area of
110 �m × 110 �m, and 128 × 128 individual pixels.

The overall fullerene ion dose density, obtained by repeating
teps A and B, was in the range (1.7–3.4) × 1016 ions cm−2.

A rat brain was cut at a temperature of −18 ◦C in a cryostat.
econdary ion emission yields Y, disappearance cross sections σ

nd efficiencies E = Y/σ have been measured, under the impacts
f C60

+ and C60
2+ primary ions, and for the [M − H]+ (m/z 385)

on of cholesterol, inside the corpus callosum of a rat brain sec-
ion, according to the following definitions:

(i) Secondary ion emission yields Y are calculated as the area
of the peak of interest (number of detected ions) divided
by the number of primary ions having impinged the surface
during the acquisition of the spectrum.

(ii) Disappearance cross section σ: N(t) = N(t = 0) exp(−σIt/
Ae) N(t) is the number of detected particles at time t, N(t = 0)
the number of detected particles at time 0, I the primary
ion current, A the bombarded area, e the elemental charge
and σ is the mean area damaged by one primary ion and
is a parameter depending on the respective secondary ion
species under consideration.

iii) Secondary ion efficiency E: E = Y/σ; E is the number of
detected secondary ions of a given species per damaged
area. This value accounts for the entire analysis process,
also including the analyzer transmission and the detector
efficiency.

The values have been always measured twice and then com-
ared to those already published under the same experimental
onditions with Bi3+ primary ion impacts [4]. During these mea-
urements, the fullerene ion source delivers pulsed currents of
.45 pA for C60

+ ions and 0.13 pA for C60
2+ ions at 100 �s. The

ullerene beam diameter on the sample is 20 �m and the pulse
uration of 2 ns. These values need to be compared with those
f a Bi3+ ion beam, which are, under the same conditions (high
urrent bunched mode), an intensity of 0.45 pA, a focus of less
han 2 �m and a pulse duration of less than 1 ns.

The tissue sections, which have a thickness of 15 �m, were
mmediately deposited onto a stainless steel plate and kept at

80 ◦C. Just before analysis the plates were warmed to room
emperature and dried under a pressure of a few mbar for ∼1 h.

he experiments were always performed at the edge or inside

he corpus callosum which is an area easy to recognize on the
rain section and at the border of which a lot of lipids are known
o vary in concentration [4].



D. Debois et al. / International Journal of Mass Spectrometry 260 (2007) 115–120 117

Table 1
Disappearance cross sections σ, secondary ion yields Y and ion bombardment
efficiencies E, measured under the impacts of C60

n+ ions, relative to those mea-
sured under the impacts of Bi3+ ions [4], and measured for the [M − H]+ ion
(m/z 385) of cholesterol in the corpus callosum of a rat brain section

Primary ion σ(C60
n+)/σ(Bi3+) Y(C60

n+)/Y(Bi3+) E(C60
n+)/E(Bi3+)
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Table 2
Nuclear and electronic stopping powers, projected ranges, longitudinal and lat-
eral straggling, calculated with the SRIM tables [20], for carbon and bismuth
penetrating adipose tissue (assumed density = 0.92 g/cm3, composition in mass
percentage H 11.97%, C 63.8%, N 0.8%, O 23.26%, Na 0.05%, Cl 0.12%)

C C60 Bi Bi3

Energy/atom (keV) 0.16 0.16 8 8
Energy (keV) 0.16 9.6 8 24
(dE/dx)ele (eV/Å) 0.95 57 10.8 32.4
(dE/dx)nuc (eV/Å) 7.14 428 65.4 196.2
Projected range (Å) 22 212
Longitudinal straggling (Å) 12 34
L ˚

T
o

a
s
n
a
d
then assume that if a target is sputtered by such a 10 keV C60

+

beam, the top layers can be removed with limited damage to
the underlying ones, thus enabling their subsequent analysis by
spectroscopy. These considerations are the starting point of all
60
+ 0.061 0.53 8.8

60
2+ 0.25 0.47 1.9

The sputtered depths were estimated after the irradiations
ith the help of a profilometer (KLA Tencor Surface Pro-
lometer Alpha Step 500, Germany) with a precision of
1.5%.
Stopping powers and projected ranges have been obtained

sing tables from SRIM 2003, as well as simulations of trajec-
ories and displacements inside matter [20].

. Results and discussion

Table 1 shows the disappearance cross sections σ, secondary
on yields Y and ion bombardment efficiencies E, measured
nder the impacts of C60

n+ ions, relative to those measured under
he impacts of 25 keV Bi3+ ions [4]. These values have been mea-
ured for the [M − H]+ ion (m/z 385) of cholesterol in the corpus
allosum of a rat brain section. It is clear that the fullerene ions
nduce much less damage in the organic layers than the bismuth
luster ions, and while the secondary ion emission yields are
ower by a factor of ∼2 to those of Bi3+ ions, the efficiencies are
igher. Here C60

+ and C60
2+ ions, having respectively kinetic

nergies of 10 and 20 keV, need to be differentiated. C60
+ ions

nduce a disappearance cross section which is ∼16 times lower
han for Bi3+, and an efficiency which is 8.8 times higher than for
i3+. This ion looks therefore very interesting for spectroscopy
nd imaging purposes. Nevertheless, it cannot be focused, with
he present know-how, to spot sizes smaller than 20 �m under
unched conditions which are necessary for precise mass assign-
ents. This C60

+ ion beam can meanwhile be useful for large
rea (several square centimetres) imaging, such as a whole rat
rain section, where the pixel size is in the range of 50–100 �m.
he usefulness of such an ion beam for small area imaging,
ith a pixel size in the range of 1 �m, is much less convincing if

ompared to the focused beams delivered by LMIGs. The C60
2+

on beam has a disappearance cross section which is only four
imes lower than that of the bismuth cluster ion beam, and the
fficiency is therefore only two times better than for the liquid
etal ion gun. Although its kinetic energy is twice the one of

he singly charged fullerenes, this ion beam has consequently a
oor usability.

The situation is different when aiming at using a fullerene
on beam for sputtering organic layers. Table 2 and Fig. 1
how the results of the SRIM simulations of the penetration
f carbon and bismuth in adipose tissue. It is assumed that

cluster behaves, with regards to its energy loss, range and

traggling, as the sum of individual components having the
ame velocity [21]. A C60 projectile having a kinetic energy
f ∼10 keV loses ∼500 eV/Å, more than twice the value of

F
c
s
O
t

ateral straggling (A) 8 24

he energies of carbon and bismuth atomic projectiles are derived from those
f C60 and Bi3, respectively.

25 keV energy Bi3 cluster, and its projected range (i.e., the
topping distance) is ∼10 time lower. Fig. 1 reinforces the
umerical values of Table 2, showing that the displaced target
toms, which can be more or less considered as an image of the
amage in the solid, are localised in a depth of ∼50 Å. One can
ig. 1. Simulation made with SRIM [20] of the trajectories of bismuth and
arbon clusters in a 300 Å depth target of adipose tissue (assumed den-
ity = 0.92 g/cm3, composition in mass percentage H 11.97%, C 63.8%, N 0.8%,

23.26%, Na 0.05%, Cl 0.12%). The red points indicate the projectile trajec-
ories and the blue and green ones the displaced target atoms.
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Fig. 2. Intensities as functions of the C60
+ ion dose density, measured at the

edge of the corpus callosum at the surface of a rat brain tissue section. Top:
positive secondary ions Na+ (m/z 23), phosphocholine (m/z 184) and cholesterol
(
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Fig. 3. Intensity as a function of the C60
+ ion dose density, measured at the

edge of the corpus callosum at the surface of a rat brain tissue section, and for
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sum of m/z 369 and m/z 385). Bottom: negative secondary ions Cl− (m/z 35),

2PO4
− (m/z 97), cholesterol (m/z 385), fatty acid carboxylate (sum of m/z 255

nd m/z 283) and triglycerides (m/z 895).

he previously published depth profiling experiments using C60
eams [10–16], as well as for the following experiments.

Fig. 2 shows the intensities of different positive and negative
econdary ions as functions of the C60

+ ion dose density. These
ntensities are measured with Bi3+ primary ions (Step B, see
bove). The sputtered depth has been estimated with the pro-
lometer after the experiment in which the positive secondary

ons were measured (top of Fig. 2) and the value was 2–3 �m.
he variations of the secondary ion intensities as functions of

he fullerene ion dose density enable to distinguish two different
roups of secondary ions. On the one hand are the atomic ions
nd the fragment ions, such as Na+, Phosphocholine, Cl− and
2PO4

−, for which the intensities are relatively constant over the
easurement, after brief and very steep increases, or decreases,

t the beginning of the irradiation. Then these ions can be consid-
red to be homogeneously distributed over the entire investigated
epth, except just at the beginning, which can be considered as
surface cleaning by removal of the first layers. On the other

and, the situation is rather different for molecular ions, such as
hose of cholesterol, fatty acids and triglycerides. A decrease of
he intensity is observed at the beginning of the irradiation, lead-
ng to a loss of count rate by a factor of ∼50 when the fullerene
on dose reaches the value of 2.8 × 1015 ions cm−2. This value
s estimated to correspond to a sputtered depth of 200–300 nm.

hen the slope of the curves suddenly decreases and remains
onstant until the end of the irradiation. From the slope of
he curves during the two regimes, the disappearance cross
ections σ1 and σ2 (first and second part of the curves, respec-

t
a
a
p

ositive cholesterol ions (sum of m/z 369 and m/z 385). The data are the same
s for Fig. 2, but with an enlarged x-axis scale.

ively) have been estimated for the positive cholesterol ions to
e σ1 = 3.3 × 10−15 cm2 and σ2 = 4.0 × 10−16 cm2 (Fig. 3). The
xperiment has been repeated several times over different areas,
ith both secondary ion polarities, and similar values are always
easured. Sjövall et al. have recently measured the localization

nd the intensity as a function of sample temperature of lipids
n freeze-dried mouse brain sections by TOF-SIMS [22]. An
nteresting result is that the cholesterol intensity, which is very
ow for temperatures below freezing, suddenly drops when the
emperature is above zero. This was explained by a possible

igration of lipids to the tissue surface during the defrosting
f the sample. In the present experiments, the tissue section is
armed at room temperature just before the analysis. It is thus
ossible that lipids concentrate at the tissue surface during this
arming. The shape of the curves in Figs. 2 and 3 could then
e explained as follows: the true disappearance cross section,
ue to the damage of the tissue induced by the penetration of
he fullerene cluster constituents in the bulk is in fact only σ2,
hich has always a relatively low value in the 10−16 cm2 range,

hus enabling depth profiling. Unfortunately, most of the lipids
re concentrated close to the surface, in the first 200–300 nm.
his is also illustrated with the ion images of Fig. 4. Ion images
f 110 �m × 110 �m surface have been recorded with Bi3+ pri-
ary ions. The four rows in Fig. 4 shows the total image (sum of

ll the Step B measurements), the “top” images (accumulation of
he Step B measurements over the first part of the irradiation, i.e.,
uring the steep σ1 slope, from the beginning to a dose density of
.8 × 1015 cm−2), and the “middle” and “bottom” images (sum
f the Step B measurements during the σ2 slope, for dose den-
ities ranges of 2.8 × 1015 to 1.5 × 1016 cm−2, and 1.5 × 1016

o 2.8 × 1016 cm−2, respectively). It can be seen that most of
he intensity is concentrated in the “top” images for lipids such

s cholesterol, while the intensity of the images remains read-
ble until the end of the irradiation for sodium, potassium and
hosphocholine ions.
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Fig. 4. Left: video images recorded before and after the depth profiling experiment. The corpus callosum can clearly be distinguished (dark area on top left). The
300 �m × 300 �m sputtered area is clearly visible. The green rectangle (110 �m × 110 �m) shows the area were the ion images are recorded. Right: secondary ion
i e of a
( he m/z
t orres

u
m
t

F
e
f
F

mages of different ions recorded at the edge of the corpus callosum at the surfac
resp. total, top = top layers, middle = middle layers, bottom = bottom layers). T
he total number of counts (tc) are written below each image. The color scales c
Several authors have published depth profiling experiments
sing a fullerene ion source to sputter the surface of model
olecules. In these papers, the sputtered depth was always in

he range of several hundreds of nanometers, much less than

ig. 5. Intensities as functions of the C60
+ ion dose density, measured at the

dge of the corpus callosum at the surface of a rat brain tissue section, and
or different positive and negative secondary ions. The data are the same as for
ig. 2, but with an enlarged x-axis scale.
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rat brain tissue section, at different stages of the depth profiling measurements
value of the peak centroid, the maximal number of counts in a pixel (mc) and

pond to the interval [0,mc].

n the present work, obtained with C60 ion dose densities of
nly several 1013 ions cm−2. As an example, Fletcher et al have
bserved that the variation of cellulose fragments was very
eak during the irradiation by a dose of 1014 C60

+ ions cm−2.
he present work in fact does not contradict the literature if
ne looks carefully at the irradiation dose densities. In the
resent work, the x-axis scale of the Fig. 2 is much larger.
ig. 5 is a re-drawing of Fig. 2 with an x-axis scale limited to
.0 × 1014 ions cm−2. It is observed in this figure that all the
econdary ion intensities remain quasi constant in this range,
hatever the type of ion, fragment, atomic ion, molecular ion
f lipid, positive or negative ion.

. Conclusion

Fullerene ion beams have been used to sputter the surface of
rat brain tissue section, in order to test the possibility of depth
rofiling into a true biological sample. Although the present

esults are not in contradiction with the literature, larger ion
oses have been reached in the present experiments, showing
hat the lipids are mainly concentrated in the first 200–300 nm
elow the sample surface. After having removed these layers,
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he concentration of the various lipids is not high enough and
he damage induced by the sputter gun remains still too high,
lthough much lower than with metallic heavy ions, to consider
ual beam depth profiling experiments in biological samples
ith a good depth resolution of 1 �m or less. The success of
epth profiling in tissue sections remains challenging.
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