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Analysis of ion dynamics and peak shapes for delayed extraction
time-of-flight mass spectrometers
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The dependence of time-of-flighif OF) peak shapes on time-dependent extraction electric fields is
studied theoretically. Conditions for time focusing are analyzed both analytically and numerically
for double-acceleration-region TOF spectrometers. Expressions for the spectrometer mass resolution
and for the critical delay time are deduced. Effects due to a leakage field in the first acceleration
region are shown to be relevant under certain conditions. TOF peak shape simulations for the
delayed extraction method are performed for emitted ions presenting a Maxwellian initial energy
distribution. Calculations are compared to experimental results 6fe®sission due to Csl laser
ablation. © 2004 American Institute of Physic§DOI: 10.1063/1.1711141

I. INTRODUCTION effects of ion initial position, initial velocity, delayed ion
formation, and DE on arrival time distributions of MALDI
The use of delayed extractididE) is commonplace in  formed ions. Though an analysis containing different graphs
modern laser desorption time-of-fligfitOF) mass spectrom-  and a discussion were provided, there is still a lack of math-
etry (MS). Its capability to provide first-order correction for ematical expressions that could be useful for achieving a
the initial energy distribution of emitted ions enabled iane-better understanding of the particu|arities of DE.
ments in mass resolution and sensitivity and rendered the \jestal and Juha&avrote one of the most complete re-
spectra less dependent on the laser intensity. views on the factors that affect resolution in modern TOF
In this technique—introduced in 1955 by Wiley and mass spectrometers. They developed a mathematical model
McLaren as “time-lag energy focusing—ions are created of TOF analyzers which predicts flight time as a function of
and sequentially accelerated through two acceleration '§nass-to-charge ratio, initial velocity and position, applied
gions. In the first region, the electric field is turned on at ayg|tages, and instrument geometry. Based on a series expan-
certain time after the ionization process took place; in thesjon of this exact result, a first-order approximation equation
second one, the electric field is always constant. The corregf,o derived, from which the focusing conditions and the
choice of this delay time, as well as of the accelerating fieldjnits on resolution could be determined for different instru-
magnitude, allows the initially slow ions—which spend & nant geometries and operating voltages. Instruments with
longer time in the extraction field—to receive enough add"one- and two-stage ion sources, with and without DE and a
tional energy to catch the initially fast ionwith the same 0 _stage electrostatic mirror, were treated in their work.

mas$ atgtgg detgactor 3Ugai§ he fi . h The measurement of initial velocities of emitted ions us-
In 1 ,Taf et an W('JII werg tMeLlrst t? ptomrt] O%tmt € ing DE was previously addressed by Juhasal® In their
convenience ot using VWiiey an clarens technigde work, they show, both theoretically and experimentally, that

:mtﬁ) r(l)ve; Ia;sier de_zrs?]rptlor; Slpetc'[rrivis armgéhog o Tgar?tllj "€ 1% ion TOF changes linearly with extraction delay, making it
al energies. 1en years 1ater, wo grotupsndependently possible to obtain the initial velocity of the ion from the

proposed the use of DE for improving spectrum quality mslope of this dependence. Using this techniqué ciahann

matrix assisted laser desorption ionizatidfALDI ), a tech- b .
: . . : : and Kara¥® performed a study of a broader list of matrices
nigue introduced at that time to desorb intact ions of heavy

: : o and analytes. A similar technique has been used in studies of
biomolecules. As was already pointed Gtitthis important ablation dynamics of different inorganic targets, such as car-
technical improvement turned MALDI into an attractive MS y 9 gets,

1,12
method for routine applications. bonsr Conti‘l”ml'B rkenkamet al® m red the mean initial
Several authors have made important contributions to ecently, berkenkampt al.~measured the mea a

understanding the fundamental aspects of DE. Barbac%’llelo(:ities O.f an-alyte and matrix. lons produced by infrared
et al” examined the effects of ion kinetic energies and tem-25€" ablation in MALDI experiments. DE measurements

. 14 .
poral variations in ion formation on peak widths, using both\VE® also undertaken by Fournietal.™ to determine the

continuous and DE modes. In their work, they simulated thelynamical effects involved in ion formation in standard
MALDI. The last two works stress the significance, for ion

dynamics under DE conditions, of the presence of field pen-

dpermanent address: Instituto Superior den€ii@s y Tecnologia Nucleares, etration in the ion source during the first stage prior to the
Havana, Cuba. . . .
bAuthor to whom correspondence should be addressed; electronic maifPPlication of the extraction voltage.

enio@vdg.fis.puc-rio.br In this article, a contribution is given for the description
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FIG. 1. Upper part: geometry of a three-region TOF spectromigtet,, t, , di, d,, andL are, respectively, the ion TOFs and the lengths relative to each
region. The target potential increases framto U, ; the first- and second-grid potentials &Jg and zero, respectively. Lower part: it is represented by the
local electric field felt by the flying ion. In the first region, between the instarstsd 7' = 7+ A 7, the field increases linearly. In the second region, the field
is high, constant, and uniform; the third one is free field.

of the desorbed ion dynamics inside mass spectrometers, par- A variable sample potentidl y(t) is assumed to have a
ticularly when these ions are accelerated by external timeramp shape:

delayed electric fields which are modified by field penetra- o

tion effects. A model for ion dynamics in a three-region TOF Uo()=Uy; t<m, (13
spectrometer is developed in Secs. Il and Ill. In Sec. Il, new Uo(t)=Uy+(Ug—Uy)(t—7)/A7  r<t<r+Ar,

(more generalTOF expressions are deduced for a two-stage (1b)
ion source mass spectrometer under more realistic condi-
tions, such as a finite time to switch on the field and leakage Uy(t)=Ugy; t>7+AT. (10

field effects due to the grids. Even though some approxima- . . L .

tions are used in the analytical approach, the obtained equa- ' Ne first acceleration region is divided into three subre-
tions are quite helpful in understanding the influence of dif-9'0MS @, b, andc), co.rrespc')ndlr?g to each of the co.ndl't|ons
ferent parameters on ion TOF peak widths and the resolving!Ven by Ea.(1). Velocities, time intervals, and electric fields
power of TOF mass spectrometers equipped with DE. Conll each situation are, respe_ctlvely,_defmed in Fig. 1. In par-
sidering the influence of leakage fields during ion extractionticular, the leakage fiela, is considered to be weak and

a numerical step-by-step calculation is done instead of usin§°nStant in subregioa (O<t<) and negligible in the oth-

a long analytical expression. In Sec. Ill, peak shape simula€'S: €1 1 given by Up—U,)/d;. Here,A7is the transient
tions are performed, assuming a Maxwellian distribution for'iS€time associated with the application of the extraction
the initial energies. Experimental data on Cs| ablation arduISe. Based on observations of the electrical signals, this
then compared to the model predictions. transient is considered to have a ramp shape.

Gridless instruments are interesting systeim&n which A useful reference time its,(#0,7o), obtained from
DE can be also implemented. They require an analytical 1 ge,
treatment more elaborate than the one discussed here and are d;= votgi(eg,v0) + = — ta1(£0. Vo), 2
2 m
out of the scope of the present work.
which is the ion TOF in the first region when the ion is
emitted with initial velocityrv, and is accelerated only by the

Il. ION DYNAMICS MODEL FOR A THREE-REGION leakage fielde,. Using Egs.(1), (A5), and(A6), as well as
TIME-OF-FLIGHT SPECTROMETER the definitions
A. Time-of-flight equation for ramp-shape delayed
extraction Uo—U; AU 2q
R=———=——; vg=1\/—(Us—Uy), (3)
Uo Ug m

For completeness, the general problem of determining
TOFs is briefly reviewed in the Appendix. Based on theseand considering that the extraction voltage is turned on when
fundamentals, specific equations for a spectrometer configions are still far from the first grid 7+ A r<tg(e9,v0)],
ration consisting of a double acceleration region and a fieldone gets for the first region:
free region(Fig. 1) can be obtained as follows. As three
regions are separated by grids, an abrupt electric-field varia-
tion is considered to occur through the grid planes.

€ 1qge
v,=vo+ % 7 and z,=vgr+ > % 7, (4)
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The last two expressions are particularly important, once
they give the best delajEq. (14)] to obtain a time-focused
peak of a given mass, as well as its positj&m. (15)] in a
TOF spectrum, for DE conditions.

As 7. must be positive for physical reasons, it is
promptly seen from Eq(14) thatw must also be positive
when the ion initial velocity is very small compared to the
velocity acquired during the acceleration in the first region
(vo<<vR). Introducing this condition in Eq12) and observ-

The velocity at the exit of the second region is determinedng that contributions of the second region are usually neg-

directly from Eq.(A5):

2q
1/%: Vi‘i‘ ﬁul,

8

ligible, one gets thaR\RL>2d, is a necessary condition
for the DE technique be efficient, that is to obtain a fully
focused peak. For spectrometers in which<w?®, Eq. (14)
reduces into the expression reported by Vestzal® The

and allows the calculation of TOFs in the second and third OF peak widthAT, can be estimated from E(L5):

regions:
tFL and t =L/v,. 9
(v1t+vy)l2
The total TOF is finally given by
T(r,vg) =t +t+1, . (10

B. Negligible leakage field

An analytical expression foll can be obtained if the

dy (1—w//w3)2 [ v 2
. max, 1
AT=T(7¢,vg ) —T(7,0) e W—W )

(16)

The best mass resolving power of the spectrometer be-
comes, forR\RL>2d;:

b _ m _T(Tc,vg]ax) ge.L [AU
"= Am_ 2AT "V EP VU,

(17

leakage field in the first acceleration region is neglectedc. Leakage field effects

(ep=0). Taking also into account that the target—grid dis-
tance is much shorter than the free-field region lendth ( fields, the highest electric field *

>d,;) and assuming that the inequalityy<d; holds, ex-
pression(10) can be written a<

Zdl Vo
T(O0,ve)=T(0,00+ 7+ | Wr— —|| —
VR/\VR
( d, , PR F)(Vo)z (11)
—w—w'— —,
R 4d, VR
where
L d, R
w=-—RJR+ ——-1, 12
2d, \/— dl\/ﬁ (12)
L d R 1 R?>+{R
w’:—aRZ\/§+2—ZL +——J— ~1,
2d, d; 1+ R 2 1+\R
(13

andT(0,0) is the ion TOF forr=vy=0. There is a particular
value of 7, called the critical delayr., for which T(r,vg)
becomes independent on smal variations ¢T/dvy=0)

around a valuey§'®, corresponding to the maximum of the

initial velocity distribution:

_2dl 1 1 w'\ g »
e W W) e ) 19
and the TOF of the time-focused ions is
. 00 dy (L—w'/w3)2 [ v 2
(7¢,v0)=T(O, )+TC+V_R W—w’ ve |
(15

If a grid separates regions with two different electric
leaks” through the grid.
This is a three-dimensiondBD) effect, in which intensity
depends on the grid transmission coefficient and on the field
variation at the interface of the regions. This effect is par-
ticularly noticeable around the first grid which separates the
two acceleration regions: Before applying the extraction
field, the first region should have zero field while the second
region has a high acceleration figlekV/mm).

The analytical solution for this electrostatic problem is
difficult, so the potential distribution for both regions was
simulated usingsIMION 3D version 6.0. The target electrode
and the first grid were considered at the same high potential
(U;=280V), while the second grid was groundet) »(
=0); the target-first grid and grid—grid distances wekre
=7.0 mm andd,=20 mm, respectively. The first grid was
formed by nine meshes of 18&8.8.5um? cross section
wires, separated by 36am. These characteristics corre-
spond to a grid having 70 wires/in. and 90% transmission
coefficient. The electric field along the symmetry axis of the
central mesh is presented in Fig. 2. One observes that field
leakage exists all over the target-first grid region, remaining
constant for the first half of it{;) and rising steeply close to
the grid. The greater the distance between the ion trajectory
and symmetry axis, the larger the radial component of the
leakage electric field close to the grid and the larger the
angular deviation of the ion. This effect tends to decrease
transmission and increase the ion TOF, broadening their spa-
tial and TOF distributions.

OthersiMION simulations with severdll ; andU ; poten-
tials (which means differente;=(Uy—U,)/d; and &,
=U, /d, fields), different mesh geometries and other target—
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FIG. 3. Effect of the leakage field on the ion TOF as a functiongfnd
FIG. 2. simioN 6.0 simulation of the leakage field in the first-acceleration for some values of. The black and open symbols correspond, respectively,
region before extraction voltage is turned on. Heis is perpendicular to  to zero ands,=100 V/cm leakage field, which is caused by the first-grid
the target and crosses the grid at the center of a hole. Note that the field ipenings.
constant far from the grid.

D. Model properties
grid distances revealed that the leakage figjdis propor-

tional to (e,—&4)/d; and depends on the grid transmission
coefficient. So, foldy,=U4, i.e., fore;=0:

The main characteristics of the leakage-free model can
be deduced from Eq$11)—(15) and from the numerical cal-
culations are presented in Figs. 3-5:

=L &2 (18) (@ If 7=<tgi(eg,vg), the TOFT(7,vq) is roughly linear
0, on 7, for a givenwy.
(b) For a fixedr, T(7,vy) presents a smooth parabolic de-
The constant of proportionality; quantifies the thickness of pendence om,. The value of its maximum is given by
a shell, inside which the leakage field is comparable £o Eq. (15) and occurs aby= vJ®.
For the 90% grid mentioned before, one gkfs=65um.  (¢) If r>tg(g0,v0), T(7, 7o) becomes constant: The ion
Consideringd; =7 mm, &, turns out to be about 1% of the is already in the second acceleration region when the
field in the second region. This leakage field, apparently neg-  extraction field is applied, so that its movement can no
ligible, is however high enough to increase, at half way of longer be altered by a variable field in the first region.
the grid, the ion kinetic energly-eV, at the emission instant In this case, the ion initial velocity is directly deter-
by the amount mined by Eq.(2).
(d) For a particular value ofr, called the critical delay
_ ﬂ_ i (7.), there is time focusing, which means
AEK—Q802 _2d2qU0’ (19

which is about 0.5 eV for the current example. If leakage
fields are not negligible, the use of Eq$) or (7) yields vq o e
values which increase asincreases. 86001 /ojy?ﬁjizﬁj i \

It can be noted in Fig. 2 that the leakage field increases /yﬁ?«fﬂf‘/k \, Y .
in the vicinity of the grid. Usually, such behavior does not 1 e &A_ox,oroxe—o”"”"'é\
sensibly affect the ion peak shape for three reas@héfter T /AIAﬁ/%'Mg B .
pulsing, e, increases and, thereforey decreasesfii) the g 8400 7% 1 =278 ns \ \v
integral [ &(z).dz over this vicinity is small, so that the ion ¥ \v
velocity does not change much; afiid) ions with trajecto-  * ] —E_ =0 notcorrected  \ \
ries very close to the grid wires are deflected by intense _e_EZ=o corrected ‘\ v\
transversal forces and may be not detected. Two other pos 4200 — 10ev " \ A
sible approaches to reduce the leakage influence on the ion’ -~ 2" " T
TOF should be mentioned: — % \

7T r 1 Tt 1 r 1 r T T 1 + 1 T

(1) The application of a negative, weak, and permanent ex- 1 200 400 600 800 1000 1200 1400 1600

ternal field can minimize the leakage fiéld* t (ns)
(2) The first and second grids of the target are initially keptFIG. 4. T—7 versusr. T is the ion TOF andr is the time interval during

at the same potentidko, £(z) =0 strictly]. Then, att which no extraction field is applied. In the inset, the existence of time-
=7, both fieldse; ande, are pulsed. focusing aberration is shown.
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ing is illustrated in Fig. 4, which showk-7 as a function of

A (ns) e, (Viem) 7 for some values of the initial energ§/0=mv§/2, consider-
0 0 0 ing =0 (“not corrected” curve or £4=28 V/cm (“cor-
500 o 0 28 rected” curve$. For small values of,, a linear dependence
A 100 0

400

200

100

=6.8 kv U1 = 6.0 kV

d1=0.7 cm d1:2cm

L=77 cm m = 100 u

T T T T T v T
15 20 25 30

E, (eV)

occurs; the slope increasesBgincreases because>0. At
7=1., there is time focusing. For>tg; (for each corre-
spondingE), T becomes constant and independentrpso
that T—7 decreases. Over a wide emission energy range, the
ions arrive almost simultaneously on the detector if the delay
is 7¢. In the inset of Fig. 4, a simulation with smaller steps
on Ey shows the existence of time-focusing aberrations, i.e.,
a 7. dependence oR,.

Figure 5 shows, for another spectrometer drift length
(L=77 cm), the sensitivity of the, dependence ok, [in
fact, Eq.(14) shows that it has a linear dependencﬁéﬁ]
and also how this time-focusing aberration is affected by the
leakage and by the existence of a ramp shape extraction

FIG. 5. Aberration in the time-focusing:. depends orkE,. Calculations
have been done for zer@epen squargsnd for nonzero-leakage fie(dpen
circles; effects due taA7=100 ns are represented by open triangles.

pulse. Three situations have been considef@dsy=A7
=0, (i) eg=28 V/Icm andA7=100 ns, andiii) e,=0 and
A7=100 ns. Thesy#0 correction implies a slight increase
of the 7. value. On the other hand, th&r value has the

IT(7¢,v0) vy~0. Ther, value is very important for effect of shifting downr. by A7/2, about 20 ns in the simu-

mass spectrometry because it gives the conditions dRtion-
maximum time resolving powéf For mechanism

analysis purposes, it assists in the accurate determinzﬁ-I SIMULATIONS OF TIME-OF-FLIGHT ION PEAK
tion of T(0,0) and allows more accurate initial velocity _' Il

SHAPES
measurements.
(e) If vo/vgr<l, ther, dependence omy is linear: To observe how the TOF peak shape depends simu-
w'\ 1 lations were done assuming a Maxwellian distribution for the
7e(0)~7(0) 14| w— W)V_R : (20 initial energiesE,:
(f) The _main effe_ct of the leakage fielsd_) is to_ incref_ise dN e e 1, NN
the ion velocity before the extraction, simulating a d_EO:AEOe o =Asmge T, (21)

(¢))

higher value ofvy, which is the reason why the. for

this situation should be accordingly higher. ~_ where the paramete® may be interpreted as the average
Equation(11) is the fundamental expression for the ini- temperature of the ejecta.

tial velocity measurement based on the DE technique.  The peak shape, without any “walk” from the electronic
Consideringvy<vg, the first-order term indicates that equipment(i.e., the peak dispersion is uniquely due to the

asrincreases, the slope &t changes with the slope jnitia| velocity spread, is the TOF distribution defined by
(w/vg)vg. For such measurements, the quantityyg

should be high in order to observe lar§e r shifts. dN _ dN dE (22
dT dEy dT’
E. Time-lag energy focusing by delayed extraction where dN/dE, is given by Eq. (21), dE,/dT

Simulations of ion dynamics were performed using sev-=muvq/(dT/dvy) anddT/dv, can be determined by deriva-
eral codes written imnABVIEW 5.1 (National Instrumentsfol-
lowing the approach illustrated in the Appendix.

Consideringm=133u, Fig. 3 illustratesT(7,vy) as a
function of vy, for ¢g=0 and for £;=100 V/cm. The
spectrometer configuration i$,=0.70 cm, d,=2.0cm, L
=77cm, Uy=6.80kV, U;=6.00kV, and A7=100 ns,
implying that

tion of Eq. (10).

Simulations for®=5000 K (i.e., k®=0.43 eV) and for
g0=0 are presented in Fig. 6 for five valuesmofnamely: 0,
72, 1, 11/2, andty). In the inset of Fig. 6, the initial
Maxwellian energy distribution for this temperature is dis-
played. One sees that asincreases, the peak moves to

R=0.133, w=1.47, w’'=0.149, w»g longer TOF values, shrinks continuously up#e 7., folds

=0.00393 cm/ns, ane.(vo=0)=278 ns. It can be seen in into itself, and then spreads out. For such transformations, it

Fig. 3 that the slopeT/dvy exchanges sign at=7.. For a

is important to mention that the detection efficiency is as-

large enoughr (1600 ns in the examplgthe ion reaches the sumed to be constant, so that the area under the peaks—

first grid before the extraction field is applied, so tiadle-
creases ag increases. Equatiofll) shows thafT is trivi-

representing the total number of emitted ions of that
species—also remains constant. Whewstg,, the ions

ally increased byr when the extraction field is delayed by reach the first acceleration grid and variationseqgncan no
this quantity, therefore it is more convenient to analyze time{onger alter their TOF. The peak shape becomes independent
focusing effects in & —7 plot. Such time-lag energy focus- on 7, if 7™>tg;.
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FIG. 6. TOF peak shapesi/dT vs T—7) for different 7. Note the peak 753 t
inversion at the time-focusing condition= 7. : For 7>, low E, ions ) k\j
] ,E/

1)

=

J

reach the detector before the highgg ones. Events corresponding 612
=0 have a constanf—r value. Field leakage effects are not taken into

476

account.
337
As presented in Fig. 7, the effect of the leakage field on ~% -
the TOF peak shape can be analyzed by plotting the peal 2% AR o A o "
limits (abscisg as a function ofr (ordinatg. At right-hand TOF (ps)

side of Fig. 7, the two dotted lines show the peak narrowin
g P gFIG. 8. Position and shape of=133u TOF peaks as varies from 200 to

n the absence of leakage fleld: At Te the pgak width 800 ns.(a) Simulation: lon initial energies range from 0 to 10 eV. Leakage
vanishes completelyneglecting the time-focusing aberra- fieiq intensity is considered to be,=28 Viem. (b) Experiment: The nar-
tiong). At the left-hand side of Fig. 7, considering a leakagerowest(and highestTOF peak is observed far~278 ns, value close to the
field of eg=57 V/cm, the gray region represents the peakone predicted by simulations.
position asr increases. Up ta=1000 ns, a peak narrowing
is observed; for higher values, the peak spreads out. Theas r increases. Initial energies in the 0-10 eV range and a
leakage field has the effect of quickly moving apart the par+,=28 V/cm leakage field are assumed in these calculations.
ticles of different initial velocities, deteriorating the time- The main behavior of the peak position is its shift -of
focusing property of the delayed extraction method. toward longer TOFs when increasegas imposed by Egs.

In Fig. 8@a), a TOF spectrum simulation for Csons is  (7) or (11)]. Note the peak flipping and the highest detection
performed to show how the peak position and shape evolveensitivity at ar nearr.. A new flipping occurgnot shown

in the figure when7becomes comparable tg;, a situation

£,=57 V/cm g=0 :- in Wh_ich the _extrac_tion _field is applied while the ions are
- ’ crossing the first grid. Figure(B) presents experimental re-
1200 % sults which are discussed in Sec. V.
1100 .
1000 S IV. EXPERIMENT
200 . : All experiments were carried out in a homemade two-
@ 000 : stage ion source linear TOF mass spectrometer equipped
£ 7004 : with a DE system. The 337 nm radiation from a nitrogen
© 600+ : laser (VSL-337-ND-S, Laser Science Inc., Franklin, MA
500 : was brought into focus on the target with a 30° incidence
4004 o : angle after passing through a variable density neutral attenu-
300 E,=3eV E,=0 ator from Oriel(Stratford, CT.
200 S The ion extraction region is composed of two stages,
8,66 8,68 8,70 8,72 8,74 each one ended by a 90% transmission electroformed nickel
T-1 (us) grid (Buckbee Mears, St. Paul, MMaving 70 wires/in. Dis-

tances from the target to the first grid,) and between the
FI% d7.|TC;(F)peak tl)oundarie(absilisdsa shti)ft((ejd by) for several (Ce'xtrallction ) first and second gridsd(g) are, respectively, 790.1 and
field delays(7). Initial energies of all desorbed ions are assumed to lay in the - .
0-3 eV range. The dotted lines correspond to zero-leakage field:=fat, ,ZO'O_FO']' mm. The d”ﬁ t,Ube' Is 276.5 Q'l mm. The tar,get
~1300 ns, the peak width vanishes. If a leakage figjet 57 Vicm exists, 1S mounted on a precisioK—Y—Z manipulator. Two high
the peak width(in gray) goes into a minimum at~1000 ns. stability power suppliestHCN 14-20000 and HCN 35-
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30000, F.u.G. Elektronik GmbH, Rosenheim, Germany The present experiment was performed at laser fluences

were used to bias the target holder and the first gtig ( of about 1 J/crA above the threshold of plasma formation.

=6.80 kV andU,=6.00 kV). A pair of microchannel plates Analysis of experimental data is focused on the" @eak,

mounted in a chevron configuration was used as ion detectothe dominant peak in a TOF mass spectrum of a Csl sample.
The DE system was based in a high-voltage switch  Figure 8b) shows that; as predicted by the simulations;

HTS300(Behlke Electronics, Kronberg, Germany high-  the Cs peak becomes narrower and higher with the incre-

voltage positive pulse was applied to the target electrode. Anent of 7. It goes through a minimum width for

rise time of about 110 ns was observed, and the delay time=278 ns—a value close tg.—and tends to be very broad

between laser and extraction pulses was varied from 200 rer 7> 7.

up to 1200 ns using three delay box€3B463, EG&G The broad distributions observed, as the delay time is

ORTEC, Oak Ridge, TN increased, are the signature of the complex phenomena that
Csl (99.9% purity, Merck, Darmstadt, Germangoly-  occur during the ablation of Csl. The differences between the

crystalline films, grown over stainless-steel substrates byredicted shapd$ig. 8a)] and the observed ongsig. 8b)]

deposition in an evaporation chamber at a pressure dare very difficult to explain based on a one-component initial

10 ° mbar, were used as targets. energy distribution. Two-component distributions are fre-

quently reported in papers of laser ablattér®#1%but the

sources of these distributions are often a matter of discus-

sion, due to the diversity of conditions in which laser abla-
The model developed in this work gives a comprehendtion can occur. For the conditions of the present experiments,

sive analytical description of the DE technique and allowsdelayed emission of ions from the solid and hydrodynamics

better designs of high-resolution instruments. In addition, th&ffects within the laser plume are among the most probable

model assists in the selection of spectrometer parameters fetechanisms that contribute to the observed peak shapes. A

more accurate initial velocity measurements. An inspectiofurther analysis of the velocity distributions of the ejecta is

of the equations derived in Sec. Il leads to several conclumandatory to obtain a better understanding of this issue; in

sions. particular, effects on peak TOF due to laser intensity and gas
As 7.\m, the exact critical delay condition can be Phase collision inside the expanding plume are treated in

tuned solely for a given value ah. For this preselected Ref. 20.

value, the corresponding ion species sensitivity increases

dramatically once the peak width tends to zero. The complete

collapse of the peak width does not occur due to existence ppeNDIX

time-focusing aberrations, i.e., divergenceddf/dT exists

only for ions having the energy, given by 7= 7.(Ey). lons The basic equations of linear TOF spectrometers are

of the same species with>E, produce peak folding over briefly reviewed. The ion dynamics, from the targetQ)

the right-hand side of the pedkigher TOB. For 7> 7., the  to the detector {=zg4), are treated in one dimension. This

peak spreads out up te=tg;(g(,0), when it freezes. The means that only the axial component of the initial velocity

quantity A7 starts to play an important role in this situation (vg) is considered and electric fields are assumed to be per-

because the extraction field is ramping while the ions of infpendicular to the target.

terest are crossing the acceleration grid. It is also found, for The general expression for the ion TOF is

usual values of acceleration voltages and for typical values 2d

of e andAr, that7,+ A7/2 is poorly sensitive om and on T= f de‘_zy (A1)

A7. The effect ofe on 7. is to increase it by a quantityew o Vv

ns in the simulation presented in Fig.\Bhich is roughlyE, where v(2) is the ion velocity at the abscisgalf the spec-

independ_ent. The physical reason f(_)r this effect is that th‘?rometer electric fielde depends on both time and position,
leakage field spreads the secondary ion package and a Iong[ﬁr

. . . o F ) en Newton’s second law has to be solved for an ion of
T iS necessary to increase the final kinetic energy dlﬁerencghargeq and massm
between the fast and the slow ions. The derivatiiédr, '
used invy determination, decreasé$% in this casgwhen 2

V. DISCUSSION

e, is introduced; therefore, the same correction should be Mg ~de(t.2). (A2)
applied onyy if this technique is employed. ) ) ] ) )
For long-TOF instrument§.e., RVRL>2d,), the value For linear spectrometers having several regions with uni-

of P,, is given by Eq.(17). Note thathasf/za(AU)alz so form electric fields, Eq(A2) may be solved region by re-
that a high mass resolution mass spectrometer must ha@on. Definingd,=z,~z,_, as the region width and U,

largee, or AU values. Also, one sees from Eq#4) and(3) = YUn—Un-1 as the potential difference for theh region,
that 7, Vm/eZ; if the extraction fielde, is too weak for a  this gives

givenm, thenr, becomes of the order ¢, and the resolv- AU (1)

ing power cannot be increased sensibly. On the other hand, if &,(t)= (A3)

: . " d, ’
g4 is too strong, sparking may occur and/or the critical delay n
may be too short to be easily implemented for measureand the total TOF is the sum of the TOFg, relative to each
ments. region:
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