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Abstract

The angular distribution of the ejecta in matrix-assisted laser desorption/ionization (MALDI) was found to peak back toward
the direction of illumination in the experiments of Aksouh et al. [Rapid Commun. Mass Spectrom. 9 (1995) 515]. It is shown
here that such a result can be caused by a sample that is made up of crystallites with faces having a distribution of orientatio
relative to the substrate. The averaging of the yield over such a sample also affects the incident angle and threshold depende
of the yield, and it is shown that the results of Aksouh et al. can help differentiate between proposed models for MALDI. (Int
J Mass Spectrom 177 (1998) 111-118) © 1998 Elsevier Science B.V.

Keywords:Desorption; MALDI; Laser

Introduction independent of the incident angle. This is the case
because the area of irradiation increases with increas-
Matrix-assisted laser desorption/ionization (MALDI) ing angle whereas the penetration depth of the radia-
has proved to be a useful tool for ejecting large, whole tion decreases so that the surface energy density is
biomolecules into the gas phase. This process hasindependent of the incident angle. In other models the
enhanced the use of mass spectrometry in molecularyield depends on the cosine of the angle to the surface
biology [1]. Although many aspects of the physics of normal because a transport length determines the
the desorption/ionization process are roughly under- depth distribution of energy at the time of ablation.
stood, there is still debate on the details of the Here, it is shown that the angular distribution of the
mechanisms for ejection (ablation) and ionization. In ejectais also affected by the incident angle depen-
a recent review of models, Johnson [2] suggested thatdence of the yieldf the sample has a distribution in
models for ablation could be differentiated by mea- the orientations of crystal faces.
suring the incident angle dependence of the yield At fluences close to the ion threshold fluence,
produced from a well characterized surface. For Aksouh et al. [3] found a directional dependence in
instance, in one model the yield per laser pulse is the ejected ions that correlated with the incident
laser-beam direction. They found that ejection peaked
in a direction that was back towards the beam rather
* Corresponding author. than, for instance, normal to the substrate. Such

1387-3806/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved
Pll S1387-3806(98)14058-7



112 R.E. Johnson, Y. LeBeyec/International Journal of Mass Spectrometry 177 (1998) 111-118

f(6,) cosf,dcosh,dp =1 (1)

effects have been seen in ion-induced ejection due tof(6,) that gives the distribution of surfaces of indi-

momentum transfer [4] and to track formation [5]. vidual microcrystals having their normal directions

Aksouk et al. [3] attributed this effect to the shape of titled at an angled,, to the substrate normal This

the crater produced in the ablation process. By using distribution should be constructed such that the pro-

a single crystal sample, Bogelmann et al. [6] also jection of the surface areas onto the substrig,)

found a directional dependence for the ejecta and cos@,, gives the fraction of the substrate covered by

drew the same conclusion. In the latter experiments crystals. For a substrate that is fully covered with

500 shots were used, so they may indeed have createdsample,

a crater with a depth not negligible compared to its

width. Recently, Fournier et al. (1997) mapped the (1 [~

crater produced with a large number of shots on two f J

different crystal faces and found the results to be “° “°°

roughly independent of the crystal face. They also where ¢ is the azimuthal angle. In practice the

found that the crater evolved so that it had a face sypstrate may not be fully covered, in which case the

whose normal pointed back roughly parallel to the jntegral in Eq. (1) is equal to the fractional coverage,

beam direction, which is discussed later. 1, where f, is the fraction of the substrate
Although craters clearly form due to a large num- oy nosed. Finally, integrating(6,,) itself over solid

ber of shots, it is unlikely that a crater with a depth angle gives the increase in actual surface area.

comparable to the width was created in [3]. The

experiments were run very close to the minimum laser

fluence that produced observable signal, often called

the threshold fluence, and involved only a few shots

onto each region of the sample that was not a single

crystal. Therefore, although a crater wall effect could

be important in some experiments, here we examine

an alternative explanation for the results of Aksouh et

al. [3]. This explanation is based on the fact that

samples formed from vacuum drying of a liquid drop

are a distribution of microcrystaland the principal

ejection direction in ablation is normal to the local

surface. In such a situation the ejecta can be emitted,

preferentially, back toward the direction of illumina-
tion. In light reflection the comparable result is that
specular reflection always occurs from a rough sur-
face, causing it to be bright, as there is always a
microsurface with the correct orientation.

Irradiation of a faceted surface

The standard MALDI sample, formed by condens-
ing the matrix and analyte from a solution and drying
it in a vacuum, is a distribution of small crystals that
we will refer to as microcrystalline. The crystal faces
in such samples have a distribution of orientations [7].
This distribution can be characterized by the quantity

If the surface is illuminated by the laser in a
direction normal to the substrate, thi€f,,) above can
be used to calculate the distribution in illumination
angles for the microcrystals. Because the laser is often
incident on the sample in a direction other than
normal to the substrate, the distribution in the illumi-
nation angles changes. We define the angle of inci-
dence to the substrate normal s and make the
assumption thaft(0,,) can be used in a simple way to
obtain the new surface illumination properties. If none
of the faces of the microcrystals are shadowed when
looking in the directiomormalto the substrate, then
the fraction of the beam that strikes a surface at an
illumination angled; is shown in the Appendix to be

(0, 6) = mf(en) cos0; ©(cos,)
p
X [(1 - Ps)(env ep)]
O(x)=1;x>0 (2)
=0;x<0

For a given illumination angle the step functidf,
accounts for those surfaces that are not exposed
because of their orientation am] is the probability
that surfaces of a particular orientation are in the
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shadow of other surfaces. The cosine of the illumina- _ 1 [7Y (cos#,) f'(6,, 6 d coso, dé
tion angle for an exposed facet is Y=

(6)

lo

ar

cos6; = [cos O, cosb,+ sin b, sin 6, cosd] 1
o= J j (6, 6;) d cos6, do

> 0. (3

0 Yo

For a fuI_Iy covered substrate the |nC|dth |r_rad|_at|o_n When the substrate is fully covered, this is equivalent
must strike some surface, so that the distribution in to using an averaged value Bf in Eq. (2) that is

Eqg. (2) also integrates to one

— 1
1 (= Ps =1- r (7)
f(6p, 6))d cos6,dp =1 (4) 0
oo The division byl, above is also necessary when the

substrate isiot fully covered (i.e.f,, > 0), which is
often the case for a standard MALDI sample.
For a flat surface, the distribution functibhas the

If the fraction of ejected molecules intercepting a
neighboring surface is small, then measurements of
the full ejecta distribution can be used to determine

the total yield averaged over a rough or multifaceted orm
surface. Note that thgield per pulsein an ablation 8(1 — cos6,)
experiment (unlike the yield per photon in a desorp- f(0n) = (1 = fey) - (8)

tion experiment) includes the increase in substrate _ _
area exposed as the illumination direction is tilted. Here d(x) is the delta function and the result above

However, each microsurface exposed does not in- describes crystal surfaces aligned with the substrate.
crease in area, rather the number of such surfacesSubstitution of this form fof(6,,) into the integrals
increases, as indicated by the prefactor (1/ €gsin for the averaged yield retumy(cosfy). In the

Eq. (2). Therefore, if the yield for a large flat surface following we use values for the distribution of facets
has an incident angle dependené@os,), then the ~ Naving the form

yield averaged over a faceted surface is shown in the (q+ 2) cod g,

Appendix to equal f(0n) =1 —fe) ————,9>0 9)

o |7 Again f,, is the fraction of the substrate exposed.

(6, = Y(cos ;) 1(6,, 0) d cos 6, d¢ Samples described by using the form f68,,) above
00 (5) have the principal direction of the surface normals

perpendicular to the substrate, but the crystallites in

By using this expression, the angular dependence of the sample have a distribution of normal directions.
measured yields from a multifaceted surface can be The largeny is in Eq. (9), the closer the averaged yield
tested against models for(cos 6;). For instance,  approaches that for a flat surface aligned with the
Westman et al. [8] studied the incident angle depen- substrate. Finally, becausé(p,) cos6,] is the pro-
dence of the total yield for a microcrystalline sample jection function onto the substrate for normal inci-
well above the ion threshold fluence. dence,q = 0 represents an isotropic distribution of

Unfortunately, the shadowing function in Eq. (2) facets that is not at all like the samples imaged by
depends on the details of the surface structure andBeavis and Brudson [7]. Thereforg,is at least one,
cannot be given in general. Noting the constraint in but more likely larger than one.
Eqg. (5), an estimate of the averaged yield is obtained  To date there have been no studies of the averaging
by droppingP from f(6,, 6;) in Eq. (2) and calling over the distributions of orientations, even though
the new functiorf’(6,, ;). Then there have been many studies that purport to describe
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the threshold dependence of the yield. If the threshold g2y +2 Y,
~a7< [cos! 6, cos™ 6,1,

dependence is a function incident angle, then any qo_—~ 2x m

threshold dependence on fluence that is reported in the

literature is not likely to reflect the true fluence (12)
dependence, but is affected by the distribution of cosf; = cosf, cosfe

s_urface orientations. Assuming a model for_ desorp- + sin 6, sin 6, cos ¢,
tion, one shouldreanalyzethreshold data using the
functions created above to describe the distribution in
incident angle to the surfaces of the microcrystals.

In this overly simplified result it is seen that the ejecta

distribution can exhibit a maximum. Note thatif =

—1, in which case the yield increases with increasing

angle then, quite remarkably, the maximum in yield is

perpendicular to the substrate for all incident angles.

Angular distribution of the ejecta Of course, such a distribution can apply only over a
limited range of angles.

The above results can also be used to estimate the If, as is in the experiments of [3], the viewing
angular distribution of the ejecta from a multifaceted direction lies in the plane containing the illumination
surface. In the absence of crater formation, ablation Vector and the surface normal, then the maximum in
models typically describe the ejecta leaving perpen- this distribution is also easily obtained. Whereas in
dicular to the local surface. This is often represented OUr choice of coordinates, is positive, ¢ in the
by a large power of the cosine of the ejecta direction €XPression for cos; is eithera, awayfrom direction
giving a steeply forward-peaked distribution [9]. This Of illumination so that cos); = cos @, + 6), or 0,
directionality, we point out, is responsible for produc- towardsthe direction of illumination giving cos; =

ing the crater shape seen for non-normal incidence on €08 @ — ¢). By using the latter and differentiating
a single crystal [10]. the expression in Eqg. (12) one finds the conditions for

Assuming, for simplicity, that thejecta leave only a maximum in the yield pointed toward the direction

along the normal to the local surfacéhen the angle of illumination:

of the local ejecta to the substrate normal, described

by 6, and  to th les describing the tan(, — 0 = ' tan0 (13)
y 0, and ¢,, are equal to the angles describing the p m+ 1 e

surface normal. Now the ejecta distribution from a

multifaceted surface can be simplified to Therefore, the ejecta faany modelwith m = —1,

except, of course, at large anglesnnotpeak in the
backward direction. However, the above does have
solutions for values ofm > —1 andq > O.
Therefore, for a variety of models for the incident
Here () represents the solid angle given By and  gngle dependence of the yield, the ejecta from a
b If, instead, a distribution of ejecta angles from ,tifaceted surfacean peak back toward the direc-
each facet is used, then the expression in EQ. (10) tjon of illumination. That is, the formation of a crater

dTY _ |:f’(0p' BI)Y (COS 0,) (10)

dQe I 0 :| 0e="0n, be=<

would be integrated over such a distribution. in which the crater walls determine the ejectiomés
We approximate the incident angular dependence necessary to explain the results in [3].

of the yield as Aksouh et al. [3] found that for an illumination

Y (cos6,) = Yo cos™, (11) angle,0, = 60°, the peak occurs &, ~ 30°, using

Eqg. (13) models for whichm =~ q —1 can describe
for the various models for ablation. By using this form their result. Unfortunately, there was no characteriza-
and Eqg. (9), the molecules ejected exhibit a depen- tion of the sample used. However, if the crystal faces
dence on the viewing direction written as in their experiment had a strong orientation parallel to
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the substrate, i.e large, then the yield would have to

115

of depth removed on the angle of incidence, and,

be steeply dependent on the angle of incidence in hence, also the dependence of the yield on the angle of

order to obtain their ejecta distribution. Conversely, if
the yield for a flat surface is independent angle of
incidence (i.em = 0), the result in [3] will still be
obtained ifqg = 1, which may seem surprising. This
is discussed below after considering models for
MALDI.

Incident angle dependence in MALDI models

Johnson [2] grouped the models for MALDI into a

incidence

The approximate form for the incident angular
dependence in Eq. (11) cannot describe the results
close to threshold in certain models. A slightly more
detailed description is needed and, in any case, the ion
threshold fluence is well above the threshold fluence
for the matrix. Below, we ignore this problem and
give values fom for the various models discussed in
[2], labeled A, B, C1, and C2. When low fluence is
mentioned, it is a fluence close to the ion threshold
and large fluence implies well above the ion thresh-

number of classes. In these the yield per pulse for the old.

matrix material, Y(cos#6;), could be written in a
general form for a flat surface

Y (cos6;) = n,A,Az/ coso,

Az(®p, 0;) = LF[D, cos6;/Dg] 14
L, UL,

by=c AE,

HereY is the total amount of matrix, having molec-
ular number densityn,,,, removed by the pulse. The
area of the pulse i8,, and incident angle to the flat
surface i9;. The explicit cod; in the first term above

Although the phrase “thermal model” is used
loosely in discussions of MALDI, in models (A) that
depend on the molecule by molecule sublimation at
the local surface temperature, the prefactor in the
expression folY in Eq. (14) depends inversely on cos
0, and the quantitAz depends exponentially on (cos
6,) 1, except, of course, at large angles. Therefore, at
fluences well above the matrix threshold fluence this
implies thatm ~ —1, in which case the results of
Aksouh et al. [3lcannotbe obtained. At low fluences,
the yield varies rapidly with fluence anah > 1
[11,12], so thatif g > 1 also (i.e. crystal surfaces
very parallel to the substrate), the backward peaking

accounts for the increase in exposed area with increas-could occur. For the model for laser ablation in which
ing tilt of the beam, as discussed, and the bar indicatesall of the sample is ejected, above that depth at which

an average over the pulse profile. The quantityis
the average depth removed in a single shit.is
determined in all models by a characteristic length,
L., and a functionfF, which depends on the laser-
pulse fluenced,, as indicated. (In [2§b, cos6; was
written as®). The quantityd, above is a fluence that
is characteristic of the material called the threshold
fluence. In all models it is determined, as shown in
Eqg. (14), by the sublimation energy of the material,

the energy density deposited is equalrngU, the
yield is independent of the incident angle. Therefore,
m = 0 at all fluences (model B). As mentioned above,
usingm = 0 gives the observed ejecta distribution for
g ~ 1, i.e. crystal faces not strongly oriented parallel
to the substrate. One might expect that for a yield that
is independent of the incident angle, the ejecta direc-
tion wouldnotvary with incident angle. However, the
lack of dependence on angle in t@delcomes about

the amount of the absorbed photon energy released tobecause the thicknesdz, removed from a flat sur-

ablation,AE,,, and a characteristic length,.. The
characteristic lengthis, andL ( are determinee@ither

by the absorbancey, [a ' cos 6,], which depends
explicitly on cos#; or by an energy transport length
which is independent of cd. It is the characteristic
lengths I, and L that determine the net dependence

face decreaseswhereas the area exposettreases
with increasing angle. For a sample of crystal surfaces
each much smaller than the beam area, the thickness
removed from a microcrystal still changes with inci-
dent angle, but increasing the illumination angle
relative to the substrate only increases the amount of
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10 ' ; " " 1, 2, 3 for models withm = 1, —1 in Eq. (11). It is
seen that asy increases, the dependence of the
averaged yield approaches that for the flat surface, but
the effect of a faceted surface can be considerable.

08

06

04k ] The above results can be used as guidance in inter-
preting results from a faceted or microcrystalline
o2r sample.
0'%‘0 0.l2 Oj4 0;6 018 1.0
A cos 6, )
Conclusions

We have examined the ablation by a laser pulse of
the matrix material used in MALDI experiments. If
the sample is formed by vacuum drying of a droplet,
it will be composed of crystallites having a distribu-
tion in surface orientations; a faceted surface [7]. We
have shown how to average the vyield over the
distribution of crystal faces (surface orientations).
This affects the dependence of the yield on angle of
incidence (Fig. 1), and averaging should be done

Fig. 1. Average yield assuming a yield that varies a&((a) Y, cos when considering the threshold dependence of the
0 and (b)Y = Y,/ cos6. The yield is averaged over distributions

in surface orientation characterized in Eqg. (9)dy 0 (dashed), yleld' . .

1 (dotted), and 2 (crosses). Solid line—no averaging. &\s The results, summarized below, were obtained by
increases, surfaces become increasingly oriented with the substrateassuming that the ejecta leave roughly perpendicular
and the average yield approaches the solid line. to the local surface when working close to “thresh-

old.” This is a reasonable assumption as the surface

sample exposed, which clearly does not affect the area exposed is generally large compared to the
production into a given directiof,. thickness removed in a single shot near threshold. In

Finally, two pressure-pulse models were consid- fact, following the exposure of a sample to a large
ered [2]. The model called C1 applies in the absence number of laser pulses incident at 45° onto a uniform
of significant dissipation of the energy deposited by MALDI matrix, the exposed surface in the crater
the laser pulse. For model C1, the yield is linear in cos becomes nearly perpendicular to the beam direction
0, at low fluences ifh = 1), but becomes weakly [10]. Therefore, when a cratedoes develop, the
dependent at large fluences ands small. Therefore, = observed backward-directed ejecta will come about
model C1 can account for the measuremehts < naturally and not due to the redirection of the ejecta
g =~ 2, with the size ofg depending on the fluence. by scattering off the walls of the crater [6]. The crater
For the pressure-pulse model that includes significant evolves in the manner observed in [10] because the
dissipation of the deposited energy, called model C2, laser pulse has a radial profilsd the geometry for
the incident angle dependence is describedrby: non-normal incidence causes the maximum depth
—1 over a limited region of applicability of the model removed to be shifted forward from the center of the
(primarily high fluences and not large angles). As pulse. Therefore, averaging over the radial profile is
discussed aboven = —1 cannotgive the result that  necessary to describe the effect [13].
is seen near the ion threshold in [3]. By using an analytic form for the distribution of

In Fig. 1 we give theyield versus incident angle crystal-face orientations, we showed in this article
averaged over a sample described by Eq. (9pfer that averaging the yield over the distribution of
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orientations is important. In particular, the ejecta The subscript ex implies the sum is over exposed
distribution is significantly modified by the surface- surfaces. For an illumination angle by the laser to the
orientation distribution and depends on the angular substrate normal of,,

distribution of the yield. Averaging over model dis-
tributions we showed that the result of Aksouh et al.
[3] can be obtaineavithout assuming that the crater g 6, = cos6,cosf,+ sin 6, sin 6, cosd

walls determine the direction of the ejecta. We also

pointed out that the measured angular distribution of Here the prime indicates that the sum over microc-
the ejecta can be used to help discriminate among thelystal surfaces is extended over a larger substrate area
proposed models, especially if the distribution of because of the illumination angle. Defining

surfaces orientations is known. In the experiments in

3 AA,cosf;, = A, (A2)

()
[3] the ejecta was directed backward toward the f(9,) = : AAA” (A3)
illumination direction: an angle of-30° to the sub- P
strate normal for an illumination angle 6f60° to the where the sum now is over all facets on the surface
subtrate normal. Although the surface wast char- that have the directiol,,. Now changing the sum of
acterized, such a result can be obtained for certain exposed surfaces in Eq. (A1) to an integral, the result
“thermal” models (models A in [2]) near threshafd in Eq. (1) is obtained. If the same amount of surface
the crystal surface normals havestong correlation in Eq. (A2) is summed over as was the case in Eq.

with the substrate normal. Conversely, the models (A1) then, instead of the prime, we could write Eq.
labeled B and C1 in [2hre able to give this result  (A2) as

only if the surface normals havewaeak correlation

with the subtrate normal, a cosine dependence for B 1
and up to cosine squared for C1. Experiments like COS6p

those in [3] are now needed for samples that are well Again, replacing the sum by an integral, the distribu-
characterized and for low fluence. tion function in Eq. (2) is obtained. That is,

SeAA, cosh;, = A,

S AA
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cosf,
(A4)
so that

Appendix f(0n, 0p) = ( f(6,) cos Gi)

cos Gp ox

To calculate the distribution function and verify
the averaging ofY we consider an exposed surface
made up of small surfaces with arA#\,, wheren is
the direction of the normal to the local surface. For X [1— P46, 6,)]
normal incidence to the substrate, full coverage of the
substrate, and pulse arég,

= cos 6, f(0,) cosH; O(cosb;)

giving the results in Egs. (2) and (4).
The form for the yield in Eq. (14) suggests how to
2ex AA,COSO, = A, (A1) obtain the contribution to the yield,
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AY, = N AAAZ(D,, 6) (A5) the first expression in Eq. (14) implies that the beam
] is typically not spatially uniform, which was ignored

from a microsurface that has an area much smaller in the discussion above.

than the beam area. Here the only angular dependence

is in the thickness removed and is indicated explicitly.

The average yield is now obtained by summing over

all surfaces exposed, i.e. all contributions to the yield, References
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