ELECTROSTATIC SCREENING BY SELF-CONSISTENT SPACE CHARGE,
AND THE ION DYNAMICS IN A TIME-OF-FLIGHT MASS SPECTROMETER

N. A. Inogamov UDC 533.95+621.738.478

We construct a theory of an inertially dispersed collisionless plasma cloud
in an external electric field Fgy. The solution of this problem is applied
to the calculation of time-of-flight mass spectrometer.

1. INTRODUCTION

The chemical composition of comet dust in the Galileo comet was determined by dust-
impact mass analyzer (DIMA) which was placed on board of the cosmic apparatus Vega and Giotto
[1-4]. The dust-impact mass analyzer combines a dust accelerator and a time-of-flight mass
spectrometer (TFMS) of the type "mass reflectron" [4, 5]. The Van de Graaf and Heidelberge
accelerators are used as dust accelerators in the natural modeling [6]. The present work
is devoted to a theoretical study of the DIMA device. The study contains a calculation of
the steady flow, a perturbation theory I which takes into account the correction associated
with a small nonstationarity of the source, and a perturbation theory II which is devoted
to the case of multicomponent plasma.

A complete investigation of the operation of the device must relate the output signal
I.(t) (see Fig. 1) to the input parameters p, B, M, Ny. We shall call this an applied prob-
lem as a whole. Its solution includes a systematic solution of a chain of four sections
which represent different physical problems; Sec. 3 (inertially dispersed collisionless
plasma cloud (PC) in an electric field (EF) is the most difficult. Sec. 1 determines the
dispersion kinematics of the dust substance after collision with the anode (see Fig. 1)
and the asymptotic form of PC in the velocity space. Section 2 is a plasmachemical problem
which relates N, to the frozen composition of the plama N. Finally, in Sec. 4, the ob-
tained results are used to determine I.(t) by calculating the ion optics of TFMS. This
work is restricted to the description of the last two sections.

We note that the problem allows the following simplifications of a technical nature.
1. Inductive components are insignificant. 2. Secondary electrons which knock out ions
falling into the wires of the accelerating grid can be neglected since, first, the inter-
ception coefficient of the grid is small and, second, the ionization-accelerating chamber
(IAC) uses low (= 1 kV) voltage. If the metal surface is bombarded by ions with this
energy, the electron yield is € 1. 3. The change of ¢3(¢5 = 0) can be neglected as a re-
sult of the anode discharge by electrons which arrive at the anode from PC. This is be-
cause the accelerating grid 1 of IAC is earthed via a capacitor with C » ZeN/¢, which is
connected in parallel to the capacitance between the grid and the anode (see Fig. 1).

2; ELECTROSTATIC SELF-CONSISTENT FIELD OF THE SPACE CHARGE
AND THE ION OPTICS OF THE TIME-OF-FLIGHT MASS SPECTROMETER

When a dust grain hits the anode, a dispersing plasma cloud is formed (Fig. 1). An
analysis makes it possible to isolate five characteristic stages: 1) the establishment of
inertial regime of dust plasma dispersal; 2) freezing of ionization; 3) transition to the
regime of collisionless flow; 4) initial stage of the interaction of the EF with the dyna-
mics of PC which is considerably affected by the space charge; 5) final stage of the EF
interaction in which the electrostatic self-consistent field of the space charge (ESCFSC)
does not play a role.
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Fig. 1. Diagram of the DIMA device. I) IAC; 1) ion extracting grid; 2) point of
impact of the dust grain; 3) axis of the entrance tube; 4) reflector; K) collec-
tor; A) plasma generating element (ancde).

Fig. 2. Dependence E,(0, t) in the range II of values N: 1) t; = tx; 2) t, = tsx,
t, > ty;3 5) at time ZEg/Vg.o§ the time segment between moments 5 and 6 is = t, =

Rn/"h'

We discuss briefly the expansion kinetics. The gas dynamic conditions under oblique
impact are complicated. In particular, as a result of the presence of a glide plane which
is unstable according to Kelvin and Helmholtz, a small part of the dust substance is mixed
with the anode. Particularly complex is the flow for p > 1 when the penetration depth of
the dust into the anode is long. In this case, the anode plasma leads the dust plasma. We
confine ourselves to the case g < 1. The experiments [1] use platinum or silver anodes.
Then p = 0.2-0.3. For u < 1, the anode plasma disperses slowly, lags behind the dust plas-
ma and does not affect the interaction of the EF Foy with PC from the dust substance.

For y < 1, a simplified model of the dispersal is useful. In th is model, the motion

OF .
of PC is characterized by the velocities w and y,= %gﬁ, where w is the drift velocity of PC
1
as a whole, and vy is the expansion velocity. Everywhere in the present work, with the ex-
ception of the concluding part of Sec. 3, we consider the case w; < vy when the solid angle
subtended by the collector as "seen" from the accelerating grid 1 of IAC (see Fig. 1) is
inside a cone which contains the velocity vectors of the ions which escape beyond this grid.

Concerning the frozen composition of the plasma, it follows from [7, 8] that N = N,
Z =1,

Following these remarks concerning stages 1 and 2, we turn to the ion dynamics in EF.

To simplify the formulae, we introduce normalization with respect to N, and the notation

. E, L
N = l s Nc = (P_aLg » 8= : = 2Lg

N, Ze Zeg, T
There are important scales R, and R4, where R = En/ZeFgoy = ng; Rg = /ZeN/FeX. Depending
on their ratio

Ru/Ri=VNiN, Ny = EijZ*¢F oy, Ny = &
the following cases are possible:
Rn® Ra, NNy (2.1)
R, & Ry, N )N, (2.2)

The space charge is important in the case (2.2) and unimportant for (2.1). In condi-
tions (2.2), we have R, » R,. During plasma dispersal up to the radius R = R,, the follow-
ing condition then holds:

tolth = VRJR & 1. (2.3)
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Consequently, ESCFSC varies slowly with time compared with ty. The smallness of the nonsta-
tionarity parameter (2.3) indicates the inapplicability of the steady-state approximation
which is given by the zero-order term in the expansion of the exact solution with respect

to the parameter (2.3). ‘

It follows from the study of the flow in the steady-state approximation that, in condi-
tions (2.2), the following relation holds:

R, >~ R, = (Zem;N2v}/2F5 )3 (2.4)
In the case (2.1) we have R, = Rg ~ N1/2,
Relation (2.4) is suitable for
R, & Lgy NE Ny, Ny= N /25, (2.5)

For N > N,, it is necessary to take into account the compression of the accelerating seg-
ment of IAC by the grid 1 (see Fig. 1). In the present work we restrict ourselves to the
study of the case (2.5) which is sufficient for the chosen application.

For the DIMA device we have v, = 78 km/sec, vy = 10 km/sec, Fgx = 1 kV/cm, Ry, = 0.1-1
pm, Lg ~ 1 cm. For these values of the parameters

€= Rn/Ls & 1. - (2.6)

Under the condition (2.6) we have the following classification of the dust with respect to
the number N: I) gasdynamic range (2.1) of small dust grains; II) intermediate range N, <
N € N,, and the range IIT of large grains N > N,. The smallness of the parameter e which
is due to the smallness of vy broadens the boundaries of the range II: N,/N, = €7%/%2 » 1.

In ranges I and II, the flow has a single-flow character, and will be described by the
functions ni(r, t), v(r, t). We consider the axisymmetric case. In place of v(r, t), we
use the functions

E(r, 2, t), e(r, 2, t)’ Eg’ﬁ(r’ t)EE(r7 Zg,s t)) @g(r, t)’ (2'7)

where r and 2z are the cylindrical coordinates, 6 is the angle between v and the z axis,
E = myv?/2; z = zg is the plane of the grid 1 (see Fig. 1).

We shall not, for the moment, consider the angular distribution and permeability. We
find (At)V for the case of small collector: Q. > 0, where

Qc=mal o, =r 2Lr; (2.8)
and Q. is the solid angle subtended by the collector as "seen'" from the exit of IAC, r. is
the collector radius, and the coefficient 2 is determined by the motion of ions in the re-
flector.

We calculate first the function Eg(O, t) which characterizes the energy distribution of

ions. In region I, this does not present difficulties. We introduce the notation AEg =
AEg(t) = Eg(0, t) — Zeg,. We have

AL (t) = Exf (1), - (2.9)

where f(t): £(t) > 0; and the change of f(t) during the time =(At)y during which the bulk of
ions intersects the grid of IAC 1is = 1.

We denote by Av, the scatter of velocity component parallel to the axis of the entrance
tube of TFMS (see Fig. 1, the axis of the entrance tube is perpendicular to the accelerat-
ing grid of IAC) for the bulk of ions at the exit from IAC. In TFMS with a single ion re-
flector, there is a double focusing of the ions with respect to energy: in IAG,

Az'g ~ 1 AEg v ~szetpa (2 10)
- ] g4y0 T -

vgo 2 Zegs m;

and in the reflector,

(Al)oltr 2 (1/2)( 05/ g 0", | (2.11)

where AE, is the energy scatter of the bulk of ions at the exit from IAC, and tp is the
transit time in TFMS.

It follows from Eqs. (2.10), (2.11), and (2.9) that in the region I,
(AD),/tr ~ €2, (2.12)
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We now calculate E,(0, t) and (At)y associated with the width of the energy distribution,
in the range II. For t < t,, as long as PC is not completely depleted of electrons, there
is an electrically neutral region filled with electrons which is screened by the space charge
from the external EF Fgoy. At the boundary of this region, the electron density vanishes
discontinuously. The ions which are outside this region will be called "stripped." As the
electrons are removed from PC, the surface S moves along the electrically neutral plasma,
and new parts of ions are stripped. The surface S will be called the electroablation front
(EAF).

In the case under consideration, PC is in contact with the anode (see Fig. 1). The
electroablation front is an equipotential surface with potential equal to ¢,. As a result,
with accuracy up to AEg € Ze¢,, there is an isoenergetic distribution at the exit from IAC.

It is found that the main contribution to (At)V in region IT is associated with the time
variation of ESCFSC which is caused by the displacement of EAF. There are two reasons which
lead to the displacement of EAF: convective drift and the proper electroablation drag of the
ions. The convective drift increases the volume of the region encompassed by EAF, and the
electroablation tends to reduce this volume. Up to some time t; = tx = Rx/vy (everywhere in
this work, the time is measured from the impact time), FAF expands as result of the fact that
the convective velocities exceed the velocity of electroablation. It can be shown that the
expanding surface of EAF pushes the ions. This push leads to the fact that an ion at the
grid has energy Eg > Ze¢, + Ey (Fig. 2).

From the time t,, the volume of the region bounded by EAF begins to contract. This leads
to "deceleration" of ions, and their energy is reduced: Eg < Ze¢y + Ep. For t = t, =~ tx, the
region bounded by EAF reduces to a point.

We note one fact. It is not difficult to show that the segment of ion trajectory which
is enclosed in the region of localization of ESCFSC contains two parts: region of additional
acceleration (in comparison with the rigorous steady state), and the region of deceleration.
If EAF expands, the deceleration occurs first, and is followed by acceleration. The decele-
ration is associated with the fact that, during the expansion of EAF, the ion remains longer
in a region with a weaker accelerating field since in EAF, the EF intensity F = 0. As a re-
sult, it is found that the additional acceleration on the second segment is more pronounced
than the deceleration on the first segment. The sign of the total effect is always deter-
mined by the second segment. This can easily be shown by using the energy integral in a
field with a slowly time varying relief of the potential surface.

During the contraction of EAF, an additional acceleration initially follows, and then
deceleration. :

A characteristic scale of change of the intensity of ESCFSC &F during a time interval
=tq and the dependence AEg(t) are as follows:

to(R) ‘s dr (1)
OF o~ Foy = ————, AE (t)=Ze | dt|(BF(r(t), ) —L].
== R g (%) eg}; (( (r@, ) T )
Hence, after transformations
AEqg (ti) > ZeR (ts) (8F) & ZeF ovyto (R (£y), (2.13)

where t;, t, are the moments when the ion intersects EAF and the accelerating net, respec-
tively, t; = t3(t,); r(t) is the trajectory of an ion which, at the moment t,, intersects
the accelerating net in point r = 0. In the derivation of (2.13) is was assumed that the
modulus of velocity of EAF displacement is always, in the order of magnitude, equal to vy.
Indeed, for t < t;, this is obvious. For t, < t < t,, the modulus of the velocity of EAF
motion =vz. But for t = tx (and the quantities t; and t, are both =tx) as can be shown, for
Va, we have v~ vy . Therefore, (2.13) is applicable for 0 < t < t,.

In accordance with (2.13) on the upward segment, the dependence AEg(t) (see Fig. 2) is
given by the formula

AE (f) = cl/(t— 2L )EhtheFex , e 1. (2.14)

Ug,0

Indeed, from (2.13) we have AEg(t,) = c VEpvpZeFeyts. It is not difficult to see that t, —
ty = cotg(R(t;)) + 2Lg/vg o where the constant |c,| = 1. For ty » tg(R(t3)) (one must also
have R(t3) » R,) we have t, = 2Lg/vg,o + t3, and hence follows (2.14).
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Fig. 3. Dependence (At)y/ty on N in the case ay < a. for carbon (vy = 10 km/sec,
¢, =3 kV, Z =2, ag = 3°): 1) the resulting dependence (At),/ty; 2) the depen-
dence (At),/ty, where (At)y is determined by the distribution Eg; 3) (At)y/tT,
where (At),, is determined by the distribution 8g for ag = /2. %he straight
line 4 corresponds to the value on the ordinate axis aé.
Fig. 4. Dependences I (N) for ac = 1° (carbon chondrite): ions ct, sit, Fet are
denoted by indices ¢, b and m, respectively; ¢5 = 3 kV, L, = 3 cm, w; = 35Akm/
sec, vy = 25 km/sec, Z = 1; the lines 1, 2, and 3 show the dependences Hn(N)
vwhich hold for w; < vp.

We note that the quantity t — 2L /vg o in (2.14) changes, for N » N;, in a logarithmi-
cally wide interval of values (from =ty = Ry/vp to =tx » ty). For N »> N, tx > Lg/vp.

From (2.13) we find AE = AEg(t,), here t,: t; = ty(t,) = ts. From this condition and
from Eqs. (2.10), (2.11) and (2. %4) we obtain, after transformations, the required expres-
sion for the line width caused by the energy scatter at the exit from IAC:

(At)ftr = cyet 2N"%, ¢ ¢ 1, (2.15)

Above we solved the difficult problem for the energy distribution of ions and the as-
sociated quantity (At),. The total width of the mass-spectrometric line is equal to At =
(At)¢ + (At)y, where (At)y is given by (2.15). Concerning (At)t, in the range IT we have
(At)¢ = tx. Thus, the problem of the line width has been exhausted.

We now turn to the angular distribution of ions. The instantaneous velocity diagram
at the exit from IAC is obtained by variation of r on the z = zg plane (see (2.7)). The
velocity diagram is a cone with the opening angle 2a.

It is not difficult to see that in the range I,
ooy, Oy = Uh/vg,o = —Vé— (2. 16)
To simplify the calculations we restrict ourselves to accuracy tan o ® sin o = a.

In the range II, the angle a is determined by scattering and acceleration of ions in
the region of localization of ESCFSC. As a result of this interaction with ESCFSC, the
velocity component of the bulk of ions which is transverse to Foy reaches the values =vq
(R%x). Accordingly, we obtain for a the expression:

o~ U (R*)/ug,(,:eow"'ﬂ. (2.17)
For Rx = Lo, we have a = /2.

We investigate the effect of the receiving aperture of TFMS which is characterized by
the angles ©,Q.. The quantities o and (At)t are independent of o, and this is why the
functions (At), and N./N may depend on ag.

There are two possible cases: 0. < op and o < ag. We consider first the first case
which is simpler. It can be shown that the distribution of 8 (r, t) is then insignificant
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in the determination of (At)y. The quantity (At),/ty is given by formulas (2.12) and (2.14)
in the ranges I and II, respectively. For NC/N we have

NN = (a /o, (2.18)
where a is given, in the ranges I and II, by formulae (2.16) and (2.17), respectively.
We consider the case of wide collector and small velocities vy:
a0, < (2.19)

The contribution of the angular distribution 8, to (At), is obtained by projection of the
isoenergeticdistribution(AEg « Ze¢y) onto the axis of the entrance tube of TEMS.

From (2.16) and (2.19) we have in region I for the scatter AGg caused by the distribu-
tion of Bg:

Aag/vg,o ~ op/2. (2.20)

From (2.12), (2.10) and (2.11) we obtain in region I for the resolving power (At)y/tT asso-
ciated with Og:

(At)fir = adf8. (2.21)

It is seen from the comparison of Eqs. (2.21), (2.12) and using (2.16) that in region I, the
contributions to (At)y associated with the Eg and 6, distributions are of the same order of
magnitude under the condition (2.19) (see Fig. 3).

The dependence of (At)y/ty on N in conditions (2.19) is shown in Fig. 3. The above for-
mulae determine the required quantities with accuracy up to a numerical coefficient =1. In
the construction of the graphs, all these coefficients will be set equal to 1. This refers
also to Fig. 4. '

For N; < N < N', the ratio (At)y/ty is due to the angular distribution Bg and is equal
to . :
(Ab)oftr o ek = e 4N o 1.

For N" < N < N,, the quantity (At)y/ty is determined by the energy distribution Eg and is
given by (2.15).

From the equation a(N') = o, where a(N) is given by (2.17), we obtain an expression for
N' = a.® /e, and from the equation €*s2N%* = a.* (these are the conditions for the inter-
section of the N dependence of (At),/ty given by (2.15) and the straight line (At)y/tT =
oc*, see Fig. 3) follows a formula for N" = a,'%/e3. We note that the condition N" > N'
is equivalent to (2.19).

The dependence of the permeability N./N on N in the case (2.19) has the form N /N = 1 for
N < N' (here a < a.); for N'< N<N, (here a > a.), the quantity N./Nis given by formula (2.18).

3. THE CASE OF MULTICOMPONENT PLASMA

We consider, within the framework of perturbation theory, a mixture of light (%), base
(b), and heavy (m) ions. We restrict ourselves to the case Zg = Zy = Zp = Z. We introduce

the index n which runs through the values &, b, and m, and we also introduce the following
notation:

An = i , €= Rnb ’ Rn-n = xﬂRnbs Rnb: 'ﬂll_' s
ny, LE ZeFex
myuy ZeN '
Ehb: thﬂ Rd:l’/F ’ N:Nl+Nb+Nmy & = QII“Q ) (3'1)
ex T
on = tTn P, = tT'n I, = -———NCT'

’

A " ADm " N

n

where tTn, Ncn are the transit time of TFMS and the number of ions of type n captured by

the collector, (4t)yp, (At)¢y are the width of the n lines in the mass spectrum caused by
the velocity scatter in a group of ions arriving at the collector, and by the finite time of
intersection of the bulk of n ions of the accelerating grid of IAC, respectively.
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The limits of applicability of the perturbation theory are as follows: N, < cNp, ¢ = 1;
Np € Np. Tt is important to emphasize that there can be many % ions and, consequently, the

theory describes arbitrary mixtures.

It is found that there are 4 subregions of values of N which will be denoted by A, B, C,
and D (see Fig. 4). Below, for each of these subregions, we give the boundaries, structure
of flow, and the formulas for o and for the resolving power Pyns Ptn- The permeability co-
efficients Ij(N) are shown in Fig. 4.

The angle between the axis of the cone containing the ion vectors which pass the accele-
rating grid of IAC (see Fig. 1) and the normal to the grid is equal to

Yy = 2L V%0 b, Vgn = 1/228% . (3.2)

Ugn 1y

Under the condition w; < vy (wn < aps, respectively for all N) supplemented by the condition
on > a¢, the quantity Iy is related to On by the simple formula Iy = ac?/a 2. Therefore,
the expressions for I, are not given. For ay < a; and w; < vy, we have Hn?N) = 1.

We consider the subregion A: N < kg2e2. The sequence of stages during the dispersal of
PC is as follows (is it convenient to deal with R rather than t, (R = vut) for R € R4 the
stripped n ions form a thin layer at the periphery of PC. For R = Ry, PC is completely de-
pleted of electrons. the freed electrons are deposited at the anode. For R = Rug, Rpbs Rpms
it is first the % ions, then the b ions and finally the m ions which are accelerated. All
three clouds (£, b, and m) have a spherical form. The calculation gives

Py 22 (#n€) 7%, P2 (84 V;;S—)_l’ an >~ Ve . (3.3)

We turn to subregion B: «p2e? < N < €2. For R < Ry, the stripped ions form a thin layer
at the periphery of PC. For R = Rg > Rpg, the PC is stripped and the % ions are accelerated.
The cloud of £ ions is elongated into a beam along Foy. Subsequently, for R = Rpps Ryp, the
b ions are accelerated first, and then the m ions. The clouds of the b and m ions have a
spherical shape. The calculation gives

Pvlz(%,z;v}v_)‘l, P, ~ 1 B~ NV (3.4)
£, N
Analogous quantities for the b and m ions in subregion B are given by Egs. (3.3).

In subregion C (g2 < N < Kp>2€2) for R = Ray, = €?+2N°-%L,, the PC is stripped and the
¢ and b ions (whose clouds form elongated beams) are accelerated. The cloud of m ions has
a spherical shape. The calculation gives

- €3 Vi
Py o~ (w2 NOH, Py 2 220

20,2
L oy~ el INT S,
€

(3.5)

1 70,4 80'3
va.’_\"_(ﬁ 2N )—1, P,bz — =5 Gy 2 0.
g N

Analogous quantities for the m ions in subregion C are given by (3.3).

Finally, we turn to subregion D: kp®/2e¢? < N < €71/2, For R = Rap, there is a strip-
ping of PC and the acceleration of the %, b, and m ions. Their clouds have the form of elon-
gated beams. The calculation gives
93 Vg,
";;§m4
The expressions for the analogous quantities for the £ and b ions in subregion D are the same
as in subregion C, and are given by (3.5).

P,,mf_v_(umalﬂﬂlo"’)‘l, Py~ , amzso"fvo’z. (3.6)

An analysis of (3.3)-(3.6) shows an interesting fact. It is found that
Pt'fl/Pvn = (”ﬂ3)3/2/81 (3.7)

which is independent of N for N < N,. This relatidnship, which is specific for TFMS with a
single ion reflector, makes it possible to choose optimally the parameters of TFMS for the
entire interval of values of N. In the optimal variant Py, = Pyy for a chosen n ion.

In conclusion of this section we consider the case w; > vp. For 0 < N < Ky, the condi-
tion Yy, = an > ac holds and the corresponding n ions do not reach the collector (see Figs. 1

and 4, cones £ and m).
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We restrict ourselves to the case when o, € o, and the distribution 8, has a sharp
edge: 3N/3Q = const if v is inside the cone, and SN/BQ 0 if v is outside the cone. Then,
for N < Ky, we have Y, > ap, and, consequently, II (N) =0, and for N > K, II (N) = g /un s
where an(N) is given by Eqs. (3.4)-(3.6) dependlng on N (see Fig. 4). I one or several
of these conditions are violated, transition regions occur near the values N = Kn in which
I,(N) varies from 0 to ac?/an?.

We calculate the value of K, which is a root of the equation a (K Un. Substituting
Egs. _LB 2) and (3.4)-(3.6) into this' equation, we find Ky = kp2- swb57J— for Vp > Velkg(wy >
vp/Vky), where yp = w/vep. For Ve < ¥y, > Velky (vy < wy < VhDKZ), formulas for Ky and K
are conserved, and the formula for Ky takes the form KQ = kg 2Pp”.

NOTATION

I.(t), ion current at collector of the DIMA device (see Fig. 1) (everywhere, the sub-
script c denotes quantities which refer to the collector); u = pg/pa; Pd» Pg» initial den-
sities of the dust and anode substances, respectively; B, angle between the vector v, and
the anode surface; v,, initial velocity of a dust grain (see Fig. 1); M and R,, mass and
the initial radius of a dust grain, respectively; N,, elemental chemical composition of the
dust substance; N, frozen composition of the dust plasma; N, total number of frozen ions
in PC; Z is the charge of the frozen ions; ¢5 = Fexlg, potential of the anode in IAG;
anode-grid separation (see Fig. 1); e, electron charge; w, center of mass velocity of Pé
composed from the dust substance; Wy, W, W components perpendicular and parallel to Fgy;
vh is the expansion velocity of PC; Eh mivL2/2;5 my, ion mass; Ly, total length of the
tubes of TFMS; tp, transit time of TFMS; R = R(t) = Vht, instantaneous size of PC; t,, mo-
ment when PC is completely depleted of electrons (the time is measured from the 1mpact),
Ry, = vht,s tQ = R/v (R), transit time of an ion through the localization region whose di-
mension is, in the order of magnitude, always equal to R; vq(R) = v2ZeFeyR/mj; tp = R/ vy,
time scale during which the field intensity of the space- charge changes by an order of
magnitude; At, width of the mass-spectrometric line; (At)y, broadening due to the scatter
of the axial velocity component (we note that (At)vmtTﬁL }; (At)¢ is the broadening due to
a finite duration of operation of the ion source at the entrance to TFMS (of course, this
broadening is independent of Lg).
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