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Analytical expressions for Fourier transform ion cyclotron resonance (FT-ICR) line shape [absorption
mode, dispersion mode, and magnitude (absolute value) mode] are derived for coherently excited ions that
undergo both reactive and nonreactive ion—molecule collisions. The expressions are valid at arbitrary
sample pressure, and reduce to particularly simple form in the “zero-pressure” limit (essentially no
ion-molecule collisions during the data acquisition period) or “high-pressure” limit (many ion-molecule
collisions during the data acquisition period). The zero-pressure line shape has been analyzed in earlier
papers; in this paper, various useful properties of the high-pressure line shape (e.g., linewidth, mass
resolution, and upper mass limit) are tabulated for various choices of the fraction of maximal absorption
(or magnitude) peak height at which linewidth is to be measured. Absorption, dispersion, and magnitude
spectra are plotted for zero-pressure and high-pressure limits, and also for an intermediate pressure.
Convenient reference graphs of high-pressure FT-ICR linewidth, mass resolution, and upper mass limit as
functions of ionic mass and time-domain ICR half-life for singly charged ions at magnetic field strength of
2 T are included. Finally, the intermediate-pressure resolution is calculated as a function of acquisition
period at fixed pressure, to shown that near-optimal mass resolution (to within 90% of maximal
absorption-mode resolution, or 95% of maximal magnitude-mode resolution) is achieved by truncating the
FT-ICR time-domain signal after just three relaxation times. Good agreement between experimental and
theoretical line shape (and thus mass resolution) is demonstrated.

I. INTRODUCTION

In a previous paper, ! the fundamental relationships
for linewidth and resolution for all forms of ion cyclo-
tron resonance spectroscopy were derived. Mass reso-
lution and frequency resolution were shown to be numer -
ically identical in all forms of ion cyclotron resonance
spectroscopy. The theoretical Fourier transform ion
cyclotron resonance (FT-ICR) spectral line shape was
then calculated for the low-pressure limit, in which
there are essentially no ion—-molecule collisions during
the observation period. Absorption, dispersion, and
magnitude (absolute-value) line shapes were illustrated
and discussed. FT-ICR linewidth, resolution, and up-
per mass limit were expressed as functions either of
ionic charge, applied magnetic field strength, and data
acquisition time, o7 of computer data storage size and
minimum specified ionic mass in the FT-ICR mass
range, and the results tabulated for several linewidth
criteria. The principal low-pressure FT-ICR line
shape properties are collected, along with several con-
venient graphical plots summarizing the dependence
of FT-ICR low-pressure resolution and upper ionic
mass limit on ionic mass and observation time, in a re-
cent review.?

In the second paper in this series, ? the origin of the
FT-ICR signal was discussed. The excited ICR system
was modeled as a rotating electric monopole that gives
rise to the FT-ICR signal. Unlike prior ICR signal
models, the rotating monopole signal model is applicable
to all ICR spectrometers that use radiofrequency detec-
tion methods and readily explains the presence of an
ICR signal in the absence of an alternating electric field.
The ICR signal strength was derived as a function of in-
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strumental parameters such as number of ions, mag-
netic field strength, ICR cell dimensions, etc. Formu-
las were derived for the damping of the ICR motion due
to resistive heating in the external circuit used for mon-
itoring the signal. Comparisons were made between the
rotating electric monopole model and the signal gener-
ating models used in other coherent radiation spectros-
copies such as NMR and microwave spectroscopy.

The present paper presents an extension of the theory
of Part I! to the important general case that ion-mole-
cule collisions affect the FT-ICR line shape. The FT-
ICR spectral line shape is first derived for ions which
undergo an arbitrary number of ion-molecule collisions
{(reactive and nonreactive) during the data acquisition
period. The analytical absorption, dispersion, and mag-
nitude (absolute-value) line shapes are tabulated and
also illustrated graphically, showing simple limiting
behavior either at very low pressure (essentially no ion-
molecule collisions during the observation period) or at
very high pressure (a given ion undergoes many collis-
ions during the acquisition period). By appropriate
choice of data acquisition time T, one or the other of
these limiting conditions will apply: The zero-pressure
case has been treated at length in Refs. 1 and 3, while
most of this paper is devoted to quantitative analysis
of the infermediateand high-pressureline shape. Various
useful tabulations and graphs are presented and discussed.

I1. SUMMARY OF GENERAL EQUATIONS FOR ICR
FREQUENCY, LINEWIDTH, RESOLUTION, AND
UPPER MASS LIMIT

Equations (1)-(5) have been derived and discussed in
earlier papersi'sz

_4B
T om

(1a)

s

where g is the ionic charge in C, B is the applied static
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magnetic field in T, m is the ionic mass in kg, and w
is the ion cyclotron resonant frequency in (rad) sec™;

w=9. 645 x10° ‘17"@, (1b)

with ¢ in multiples of electronic charge, B in kG, m in
a.m.u., and w in (rad) sec’!;

v=1.535 ><106%B, (1c)

with ¢ in multiples of electronic charge, B in kG; m in
a.m.u., and v in Hz;

w m
Aw Am ? (2)

with w and Aw in the same (arbitrary) units, m and Am

in the same (arbitrary) units, and Aw and Am are fre-

quency and mass increments, respectively, (see text);

Am :(;"—;) Aw, (3a)

with ¢ in C, Bin T, m and Am in kg, and Aw in (rad)

sec™!;

2
Am =1. 037 x10'7(q—"(‘§>Aw, (3b)

with ¢ in multiples of electronic charge, B in kG, m and
Am in a.m.u., and Aw in (rad) sec™!;

m_ 4B

Am ~ mhw ’ (4a)

with ¢ in C, Bin T, m and Am in kg, and Aw in (rad)
-1
sec™!;

m

m 6 9B
%, =9 645x10 — e (4b)

with g in multiples of electronic charge, B in kG, m and
Am in a.m.u,, Aw in (rad) sec’;

BA
Maz= T, (52)

withg in C, Bin T, my, and Am in kg, and Aw in (rad)
-1
sec™’;

Mo =3. 106 x103/£f;"£ ’ : (5b)

with ¢ in multiples of electronic charge, B in kG, mp,,
and Am in a. m.u., and Aw in (rad) sec™!,

!

Plw')c

4435

Equation (1) is the fundamental equation for orbital
ion motion in a static magnetic field. ¢ Equation (2)
states that resolution defined for the frequency scale
w/Aw is numerically identical to resolution defined for
the mass scale m/Am. Equations (3) and (4) are the
general expressions for ICR mass increment Am and
(mass) resolution m/Am for a given frequency incre-
ment Aw. In our applications, Aw will be defined as the
width of an ICR frequency-domain response, measured
at a specified fraction of the frequency-domain peak
height. Finally, Eq. (5) gives the upper mass limit
M ax in terms of the maximum desired mass increment
Am for a particular (independently specified) frequency
increment Aw (see below).

It is to be emphasized that Eqs. (1)-(5) are valid for
any ion cyclotron resonance spectrometer (e.g., mag-
netic field-sweep,>! frequency-sweep,®? FT-ICR!~3&14)
for any arbitrary definition of frequency or mass incre-
ment. These equations form the basis for subsequent
analytical and tabular expressions for conventional ICR
or FT-ICR spectral linewidth, (mass) resolution, and
upper mass limit.

IH. THEORY: ANALYTICAL EXPRESSIONS FOR
THE ICR LINE SHAPE

A. Line shape for “drift’”" cell and “trapped-ion’
cell spectrometers

It has previously been noted that any process that in-
terrupts coherent ion cyclotron orbital motion contrib-
utes to broadening of the ICR frequency-domain re-
sponse. !! In conventional (“drift”® ! or “trapped-ion”'®)
ICR spectrometers, the ICR frequency-domain response
is determined from power absorption measurements,2:1%18
50 that ions are irradiated continuously during the de-
tection. Thus, ions that are removed by ion-molecule
reactions cease to contribute to power absorption after
reaction, while ions that undergo nonreactive ion-mole-
cule collisions begin to absorb power again immediately
after a collision. In summing up the total power absorp-
tion from all ions in a sample, it is therefore necessary
to distinguish between reactive and nonreactive colli-
sions, and the resultant expression for frequency-do-
main response can become quite complicated. 18 por
primary ions, for example, power absorption from a
conventional drift or trapped ion spectrometer is given
by Eq. (6)!%:

£+ (w-w)?

E((+k) = (w-w')
TEFRR+ (w-w)T

£
- lexp(=2T) —1]) ,

in which % is the (first-order) rate constant for (expo-
nential) disappearance of reactive ions due to ion~mole-
cule reactions, £ is the reduced collision frequency, T
is the dtift period (for a drift cell) or the trapping peri-
od (for a trapped-ion cell), w’ is the frequency at which
power absorption is measured, and w is the ion cyclo-
tron resonant frequency given by Eq. (1). % is thus a

1 ( [E(R+£) = (w —w)cos[(w - w)T] = (w ~w)(2E + &) sin[(w - w')T
E+R) 4+ (w-0')F

]}exp[— (E+R)T)

(6)

!
measure of the rate at which ions are removed from the
sample by ion—-molecule 7eactions, while £ is a measure
of the average rate at which ion velocity is reduced due
to nonreactive ion—molecule collisions. 1%+ 18

Although the general line shape of Eq. (6) is compli-
cated, its behavior becomes simple under two types of
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TIME-DOMAIN TRANSIENTS

FREQUENCY-DOMAIN SPECTRA

FIG. 1, Cosine transform

(absorption), sine transform
(dispersion), and magnitude
(absolute-value) frequency-
domain ICR spectra obtained
by analytical Fourier trans-
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formation of the continuous
time-domain signals shown
at the left of each set of
spectra. The spectra are
computed from the general
FT-ICR line shape expres-
sions in Table I; all fre-
quency-domain spectra have
the same horizontal and
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vertical scale. The top row
of graphs corresponds to the
zero-pressure limit (T« 171),
the bottom row to the high-
pressure limit (T >171), and
the middle row to an inter-
mediate pressure for which
T=7, where T is the data
acquisition period and 7 is
the relaxation time for (ex-
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potential) decay of the FT-
ICR time-domain signal.
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limiting conditions. First, in the “zero-pressure” lim-
it that there are essentially no ion-molecule collisions
during the observation period T,

1 - cos|(w —w")T]
(w-w')*

lim Pw')c
Ryt=D

= zero-pressure line shape for conventional ICR .

(7)

Alternatively, in the “high-pressure” limit that there
are many ion—molecule collisions during the observation
period T, Eq. (6) quickly reduces to.

. 3 ]
lim P')«|og——g| T
v/ T, @) [5 +(w-w')
2, (1/7)

= highépressure line shape for conventional ICR
(nonreactive primary ions) .

(8)

Equations (6)~(8) are discussed in detail in Ref. 18.
The conventional ICR high-pressure nonreactive pri-
mary ion line shape of Eq. (8) has the same form as the
high-pressure (reactive or nonreactive) FT-ICR line
shape discussed in detail in Sec. IV. The low-pressure
conventional and FT-ICR line shapes have been treated
at length in Refs. 1 and 3.

B. Line shape for FT-ICR spectrometers

In the FT-ICR experiment, a gaseous sample contain-
ing ions having a range of mass-to-change ratios is

20 0 0 10 20200 O 1020 20 -0 O 10 20
(w™- w)insec?

first subjected to a broadband frequency excitation. The
excitation is then removed, and the signal induced? in
the transverse (to the applied magnetic field) plates of
the ICR cell by excited ICR coherent orbital motion may
be taken as (Fig. 1, center left)

f(t) =0 ]
f(t)=KN(t)exp(- &t) cos(wt) , (10)

in which K is a constant, N(¢) is the time-varying num-
ber of ions of ion cyclotron frequency w, and £ is the
reduced collision frequency. The exponential term in
Eq. (10) represents a decrease in the coherent ICR mo-
tion, due to nonreactive ion—-molecule collisions. If %
is the (first-order) rate constant for ion~molecule re-
actions, then the number of ions N(f) also decreases
exponentially according to

t<Oor ¢>T), 9)

0=t=<T,

N({t)=Nyexp(-kt) , (11)

in which N is the number of coherently orbiting excited
ions initially present at time zero (i. e., the beginning
of the observation period). Combining Eqs. (10) and
(11) gives

f(t)=KN,exp(-t/7) cos(wt), 0=¢=T, (12)
in which
(i/T):g-’-k. (13)

T is the “overall relaxation time” for decay of the ex-
cited ICR signal due to reactive and nonreactive ion-
molecule collisions.

Equation (10) [or (12)] will apply for reactive or non-
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reactive ions. In the most general case, the time-do-
main signal f(¢) will consist of a sum of exponentially
damped sinusoids when the ICR sample contains ions of
various mass-to-charge ratios:

f#)=2_ KNy exp(~t/7;) cos(w,t) . (14)
1

The amplitudes of the frequency components of f(¢),
namely, A(w’) and B(w’) in

f(t):fow Alw') cos(w't)dw’ +I0” B(w')sin(w’t)dw’ , (15)

are obtained from the basic formulas for Fourier trans-
forms

A(w')_—_% fo” f(t) cos(w'e) dt , (16)

and

B(w'):%f:f(‘t)sin(w't)dt . (17)

’»

It will also prove of interest to consider the “magnitude
or “absolute-value” spectrum

clw)={[AW"))2+[B(w"))}'2. (18)

A final frequency response [C(w’)]? is called the “power”
spectrum, and will not be considered further here.
By use of the trigonometric identities
cos(X) cos(Y)=(1/2)[cos(X - Y} + cos(X + Y)] (19)
and
sin{X) cos(¥) =

(1/2)[sin(X - V) + sin(X+ ¥)], (20)

the evaluation of A(w’) and B(w') is readily accomplished
from the integrals

fexp(at) cos(bt)dt = E);ﬂél lacos(bt) + bsin(bt)], (21)
and
fexp(at) sin(bt) dt = %‘M [asin(bt) —bcos(bt)], (22)

evaluated between the limits =0 to t="T.

Analytical expressions for the absorption-mode and
magnitude -mode spectra of Eqs. (16) and (18), based
on the general time-domain ICR response of Eq. (12),
are given below:

Alw')= KNQ/ZTTI))TT
x(1 +exp(- T/ ) {(w - @’)7sin[(w — w")T]

-cos{(w -w")T]}),

(KNy/2m)T
1+ (w =W

x{1 - 2 exp(- T/7) cos{(w — w’)T]+ exp(-

(23)

C(w') =

2T/ T)H/2
(24)
Under the very general condition that the system re-
sponse amplitude be proportional to the amplitude of the
(applied oscillating electric field) excitation (i. e. , that
the system be “linear”), Egs. (23) and (24) obtained via
the cosine and sine Fourier transforms of Eqs. (16) and
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(17), respectively, are identical to the instantaneous
steady-state power absorption and magnitude line shapes
that would be obtained after the same observation peri-
od, T. 13 Analytical expressions for general and limiting
forms of the absorption-, dispersion-, and magnitude-
mode normalized line shapes are collected in Table I,
along with other useful spectral properties (peak height
and linewidth) for the limiting cases (see Sec. IIIB1

and IIIB 2).

The time-domain signals and corresponding FT-ICR
spectra for zero-pressure (T << 1), high-pressure (7
<« T), and a particular intermediate (7 = T) pressure are
shown graphically in Fig. 1. The top row of graphs
relates to a system at very low pressure with finite ob-
servation period 7. The middle row of graphs relates
to a system at intermediate (and experimentally typical)
operating pressure for the same finite observation peri-
od T. The bottom row of graphs relates to a system
at the same pressure, but with infinitely long observa-
tion period. The principal qualitative features of these
spectra are (1) the auxiliary peaks on either side of the
zero-pressure absorption-mode maximum gradually dis-
appear as the pressure is increased, and (2) the magni-
tude (absolute-value) spectral linewidth (rightmost plot
in a given row) is broader than the corresponding ab-
sorption-mode linewidth (leftmost spectrum in the same
row), by a factor ranging from 2 to V3 as one proceeds
from the zero-pressure to the high-pressure limit,
respectively. Finally, comparing the two spectral
modes for which experimental phase correction is re-
quired, namely, A(w') and B(w'), we see that, at any
pressure, the dispersion spectrum [B(w’)] spreads over
a wider range of frequency.

1. Zero-pressure limit (1>> T)

As with the conventional ICR line shape, 11,18 the FT-
ICR frequency -domain spectra take on especially simple
form in either the low-pressure (7> T) or high-pressure
(T<<T) limits. It may readily be verified that, for the
low-pressure limit, the absorption-mode and magnitude -
mode expressions of Egs. (23) and (24) reduce to

sin[(w - w")T]

lir;lz?(w')z(KNo/2ﬂ) (@ —o") (25)
and

. ’ (KN /277)\/2‘ ’

12;1 Clw ):E-"—_—m— {1 - cos{(w -w"T]}72. (26)

The low-pressure limiting line shapes of Eqs. (25) and
(26) have been analyzed in detail in Refs. 1 and 3. They
represent the Fraunhofer? line shape common to many
physical phenomena.

2. High-pressure limit (1< T)

The FT-ICR Lorentz? absorption-mode and magni-
tude-mode analytical line shapes for the high-pressure
limit (1< T), in which T is data acquisition period and
is given by Eq. (13), are readily obtained from Egs.
(23) and (24) as
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5 - i limA(w') = MMZ—H,)';?
BBl 3. 3|l B b o-eh
2 . 2 i g 8 B é w2 (high-pressure absorption-mode) , 27)
S - A ) B B B O (KNy/21)7
N o ) . "
g y oo ||fE WTE e
32 =~ IS e g g 'é g (high-pressure magnitude ~mode) . (28)
2 o) ale R gl X|EF|lE e
e - : e : Q3 B b g - In order to compute the theoretical FT-ICR high-pres-
Q ® |5 @ ~ s o s E sure mass resolution, it is necessary to define the
‘T’ - - § d. width of the FT-ICR line, measured at a specified frac-
3 ‘;,E & :i = 2 tion of the maximal peak height for that spectral mode
3 % 2 S Slell & & (compare Refs. 1 and 3). It is readily verified from the
- <8, 8 8 § S 3 g 3 = % limiting expressions (27) and (28) that the linewidths
2 S = o of s < 8 § {in frequency units of (rad) sec™'] at various fractions of
gl % g = maximal peak height are those given in the top row of
% f:o, ] . i 3 % Table II, for absorption-mode and magnitude (absolute -
g § % E 5 E = . E ﬁ value) mode line shapes, respectively. The correspond-
= < Q ele Xl ¥ X e % ing linewidths in mass units are obtained from Eqgs. (3a)
g g z‘,’ ] R R S s ‘é §° and (3b) and appear as the second and third rows of Ta-
% '50 - £ ble II. Finally, FT-ICR resolution in either MKS units
5] g - - g é’ or common laboratory units is readily obtained from
_éo f 5 :é. . @ Egs. (4a) and (4b), using the respective linewidth ex-
= S S & N E g Z‘ q pressions above, to obtain the FT-ICR mass resolution
Tg . § . § i é & § B ® = g,; expressions listed as rows 4 and 5 of Table II.
E Sll” ST &l 3l &l |
,0'3 . é‘ g Table II thus lists formulas for the FT-ICR linewidth
% R . i 2 g (mass-scale or frequency-scale) and resolution for both
2 % "-é e S ) 3T £ absorption-mode and magnitude-mode line shapes, for
G - ole XIR gz X|E 5 § several common definitions of the percentage of maxi-
2 elae 3S 8 3 8 E mum peak height at which the linewidth is to be mea-
g i e = « © - go 3 sured. Since FT-ICR mass-scale linewidth increases
b % & £ % as the square of ionic mass [Eq. (3) and Table II), it is
_5 . - T c‘; ,g' :?3’ b= clear that FT-ICR (mass) resolution must decrease with
Al . M. 5 n‘é sle F[E|l 2 E increasing ionic mass [Eq. (4) and Table II]. Thus, it
§ . w 2l ;:' Q 3 = ,':: Qg becomes useful to calculate the maximum ionic mass-
*? % o | ®© o o o s SRR to-charge ratio for which the linewidth has increased to
§ 1= “ 5 5 ::e a specified (maximum) number of mass units, say, to
:“: 5 . » 5 5 é’o S 1 a. m.u. or less. The desired upper mass limit for-
R & 5 N E s £ % b‘% mulas are obtained from Eq. (5a) (MKS units) or Eq. (5b)
=N PR - 8 . g i 3 - § 2 Z oG (laboratory units), using the linewidth expressions from
g % Sles < < S ~ .g S g Table II, with the results listed in Table III. Finally,
& L P fi = the experimentally convenient half-life #,,, for ICR time-
“ & % 5 = . & domain signal disappearance is related to the relaxation
% g - AR ‘5 N = 4 % time of Eq. (13) according to
g Q Tlm ol B - Eg
gl <3l 3E aS gf = g 44 t12=log,(2)]7=0.6937 . (29)
g P o o S o E E g
E ¥ . & g €2 IV. RESULTS AND DISCUSSION
® “ B ¥ 3|8 g A .
T of § . E 8 § < g g § E § f . High-pressure line shape
;; ’3§ b R i % £ ébé’ % We begin by examining the functional dependence of
T§ a2 ; 8 9  FT-ICR high-pressure linewidth, resolution, and upper
2 . % % o 8 ; mass li.mit' upon ionic mass m, ionic charge q,{fixed)
; g & K .. 5 " ” o E ‘é g n}agnetlc f1e1d. strc?ngth B, a'nd' time-domain FT-ICR
3 g Sel8, 3 E T 2% & g signal relaxation time 7. First (as for the FT-ICR
D §€a|ler % §r 23 24 g% é zero-pressure line shape''?), the FT-ICR high-pressure
R .“8’ R R § 3 & k| 3 'f;; 3 'é 3 E.E E‘. : linewidth (in mass units) increases as the square of
= || 8 %gﬁ é‘ﬁ 2 5 —:—g E i goXi o8 ®&  ionic mass [Eq. (3), Table II, second or third rows)],
- 'g 53 -‘E g & E < 2 < & § o § $ 'z 8 g so that FT-ICR high-pressure resolution is inversely
CHI 23 1K 3 8§ 235 ORI ; g% ¢ proportional to mass [Eq. (4), Table II, fourth or fifth
B lla A2 = = By f & *5 %  rows)]. Furthermore, as for the FT-ICR zero-pres -
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TABLE IIL FT-ICR upper mass limit formulas for high-pressure absorption-mode or magnitude (abso-
lute-value) line shapes, for various choices of the fraction of maximal peak height at which the linewidth
is measured, and for various choices of the maximum allowed mass-scale linewidth. In all expressions,
q is the ionic charge in multiples of the electronic charge, B is the magnetic field strength in kG, and 1/,

is the ICR time-domain signal half-life in ms.

Spectral mode

Absorption=A(w’)

Magnitude (absolute-value) = C(w’)

Percentage of peak
maximal height at which the

linewidth is measured= 50% 25% 50% 25%

Upper m=1a,m.u. at m=muy,=83.5 VgBT, 63.4 VBT, 63.4VgBT,;, 42.4VgBt,,
mass m=0,5 a.m.u. at m =mpmay=59.0 VgBTy,y 44,8VgBTty;, 44.8VqBr(;; 30.0V¢BT/y
limit 2
Mmpax m=0.25 a,m.u. at m=my,,=41,7 VgBTy,, 31.7VgBTyy 31.7VgBty7; 21.2VgBTyp

in a, m,u,
“ m. u. ) m=0.1a.m.u. at m=mpay=26.4VgBT;/;

20.0 quTl/Z

20.0 VgBTy/y 13.4VgBTt,,

sure linewidth (in mass units) is inversely proportional
to the magnetic field strength (Table II, second or third
rows), so that FT-ICR high-pressure resolution is di-
rectly proportional to magnetic field strength (Table II,
fourth or fifth rows). Lastly, just as the zero-pressure
FT-ICR linewidth is inversely proportional to the data
acquisition time (with the result that zero-pressure
FT-ICR resolution is directly proportional to data ac-
quisition time), the FT-ICR high-pressure linewidth is
inversely proportional to the FT-ICR time-domain re-
laxation time (or half-life) T (or #;,,). %

In summary, the larger the applied (fixed) magnetic
field strength, the longer the data acquisition period,
and the fewer the number of ion-molecule collisions
and/or reactions during the acquisition time, the better
the FT-ICR resolution. All these FT-ICR functional
dependencies are shared by conventional ICR line
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FIG. 2. Theoretical high-pressure FT-ICR linewidth Am as

a function of ionic mass for a magnetic field intensity B=20 kG,
Results are displayed for two choices of FT-ICR time-domain
half-life, and are plotted for both absorption mode and mag~
nitude (absolute-value) mode line shapes, The linewidth is
measured at 50% of the maximum absorption (or magnitude)
peak height, using the formulas in the first and sixth columns
of the fourth row of Table II. The ions are singly charged.

shapes, although the proportionality constants in gen-
eral differ from the FT-ICR case. '

The formulas from Table II for the FT-ICR high-pres-
sure linewidth and resolution have been used to generate
graphs showing the dependence of the FT-ICR high-
pressure linewidth (in a. m. u.) on ionic mass (in
a.m.u. ) in Fig. 2, and of FT-ICR high-pressure resolu-
tion on either ionic mass in a. m.u. (Fig. 3) or on time-
domain FT-ICR half-life (in ms) in Fig. 4, for singly
charged ions in a typical magnetic field of 20 kG, for
ionic masses and FT-ICR half-lives commonly encoun-
tered in actual experiments. Finally, Fig. 5 shows the
dependence of the FT-ICR high-pressure upper mass
limit mep,, (in a. m.u.) on the FT-ICR time-domain half-
life. In Figs. 2-5, the results for both absorption-
mode and magnitude-mode line shapes are shown. Al-
though absorption-mode resolution is better by a factor
of V3, in the high~pressure limit, the magnitude mode

10,000,000 T T
2 ]
3 ‘r1/2=100msec
£ 1000000+ .
= 3
1S
c
o
5 1000004,
© 3
17} 4
[ 5 B
@ 4
§ 10,0004
g ] .
5 11/2-IO msec
o 1,000;_; 2
& 3
=4 —— Absorption-mode
T s-eee Magnitude-mode
100 T T T
10 100 1000 10,000

Ionic Mass (a.m.u.)
FIG. 3. Theoretical high-pressure FT-ICR (mass) resolution
m/Am as a function of ionic mass for a magnetic field intensity
B =20 kG for singly charged ions. Results are shown for two
choices of FT-ICR time-domain half-life, and are plotted for
both absorption mode and magnitude mode line shapes. The
linewidth is measured at 50% of the maximum absorption (or
magnitude) peak height, using the formulas in the first and
sixth columns of the sixth row of Table II.
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FIG. 4. Theoretical high-pressure FT-ICR (mass) resolution
as a function of FT-ICR time-domain half-life for singly
charged ions at a magnetic field strength B =20 kG. Results
are shown for several specific ionic masses, and are plotted
for both absorption mode and magnitude mode line shapes.
The linewidth is measured at 50% of the maximum absorption
(or magnitude) peak height, with calculations based on the
formulas in the first and sixth columns of the sixth row of
Table II.

is often preferred, since no experimental phase correc-
tion is required. 10 The convention that the linewidth

be measured at half the maximum absorption (or magni-~
tude) peak height has been followed in Figs. 2-5; vari-
ous other conventions are collected in Tables II and III
for reference.

B. Intermediate-pressure line shape

The high-pressure [Eqs. (27) and (28)] and zero-
pressure [Egs. (25) and (26)] line shapes are obviously

100007
3
€
=t J
B
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£
= 10004
E
-
§
2 J
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S 4 e Magnitude-mode
100 — T e
1 10 100 1,000
[.C.R. Time-domain Half-iife, t, _(msec)

1/2
FIG. 5. Theoretical FT-ICR upper mass limit for the high-
pressure line shape as a function of FT-ICR time-domain half-
life for singly charged ions at a magnetic field strength B =20
kG. Results are plotted for both absorption-mode and mag-
nitude-mode line shapes, using the formulas in columns 1 and
3 of the first row of Table III. Upper mass limit is defined as
the lowest mass at which the mass-scale linewidth has in~
creased to 1,00 a. m,u., where the linewidth is measured at
50% of the maximum absorption (or magnitude) peak height.
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FIG. 6. Plots of relative FT-ICR theoretical mass resolution

[from Eq. (24)] as a function of the ratio of data acquisition
period T to the ICR time-domain relaxation time 1 for either
absorption-mode [Fig. 6(a)] or magnitude-mode [Fig. 6(b)]
intermediate-pressure line shapes. The linewidth is measured
at 50% of the maximal absorption (or magnitude) peak height.
Relative mass resolution is obtained by dividing the mass
resolution that would be obtained at that pressure using an
infinitely long data acquisition period by the mass resolution

at the stated acquisition period (see text).

two extreme limits of the general or intermediate-pres-
sure [Eqs. (23) and (24)] line shapes (Table I) that are
encountered in actual FT-ICR experiments. At any
pressure, the FT-ICR linewidth (in mass units) varies
directly as the square of ionic mass, and inversely with
applied magnetic field strength or ionic charge [Eq.

(3)). Thus, at any pressure, the FT-ICR vesolution
varies directly with ionic charge and applied magnetic
field strength, and inversely with ionic mass [Eq. (4)].

Figure 6 shows plots of the intermediate -pressure
FT-ICR relative (mass) resolution as a function of the
ratio of data acquisition period (7) to ICR time-domain
relaxation time (7) for either the absorption-mode line
shape [Fig. 6(a)] or magnitude-mode line shape [Fig.
6(b)], based on the measurement of the linewidth at 50%
of the maximal peak height. Thus, if the sample pres-
sure (and therefore 7) is fixed, Fig. 6 shows that FT-
ICR resolution is maximized by using longer data
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FIG. 7. Experimental FT-ICR transient signal (a) and mag-

nitude-mode spectrum (b). A digitized FT-ICR transient sig-
nal from coherently excited CHf ions whose ICR motion is
damped by collisions with neutral CH, molecules was acquired
for 40. 96 ms. Only the first 5.12 ms of the transient are
shown in Fig. 7(a). The solid curve in Fig. 7(b) is the experi-
mental magnitude-mode FT-ICR spectrum resulting from dis~
crete Fourier transformation of the entire 40. 96 ms digitized
transient, The relaxation time r is 2.1 ms, determined either-
by analysis of the exponential envelape of the time-domain
transient or from the width at half-maximum height Awggq
=2V3/T of the magnitude-mode spectrum. Finally, the solid
circles in Fig. 7(b) are the magnitude-mode spectral ampli-
tudes calculated from Eq. (24) with 7=40,96 ms and 7=2.1 ms.

acquisition period. Figure 6 shows that after just three
time-domain relaxation times, FT-ICR relative mass
resolution has already increased to about 90% (absorp-
tion-mode) or 95% (magnetic-mode) of the limiting res-
olution that would be obtained for an infinitely long ac-
quisition period. The trade-off between signal-to-noise
ratio and mass resolution is discussed in Ref. 22,

C. Experimental confirmation of theory

Several aspects of the theory of the previous sections
are susceptible to experimental test. The present ex-
periments were performed on a homebuilt FT-ICR
spectrometer described elsewhere, ? and data were col-
lected using the spectral segment extraction procedure.3

First, the formulas in Table II imply a simple theoret-
ical relationship between the high-pressure linewidth in
the frequency domain and the ICR relaxation time for the
time-domain transient signal. Experimental confirma-
tion of this relationship is given in Fig. 7. Figure 7(a)
is a spectrally extracted FT-ICR transient (time-do-
main) signal from coherently excited CH; ions whose
coherent ICR motion is damped by collisions with neu-
tral CH, molecules. Although the CH} transient signal
was acquired for 40,96 ms, only the first 5. 12 ms are
displayed in Fig. 7(a). Digital Fourier transformation
of the entire 40. 96 ms digitized transient gave the ex-
perimental magnitude-mode spectrum shown in Fig.

Marshall, Comisarow, and Parisod: lon cyclotron resonance spectroscopy

T(b). The relaxation time 7 determined either from the
exponential decay constant of the envelope of the time-
domain transient [Fig. 7(a)], or from the formula (Table
I

AOJ50$': (2‘/3—/7') (30)
applied to the spectrum of Fig. 7(b)is 2.1 ms. Fur-

thermore, the solid circles in Fig. 7(b) represent mag-
nitude-mode spectral amplitudes at selected frequencies,
calculated from the high-pressure line shape of Eq.

(28). These calculated spectral amplitudes are clearly
in excellent agreement with the experimental spectrum,
confirming that the full line shape (not just the magni-
tude-mode linewidth) is accurately represented by the
theory.

Figure 7 affords experimental confirmation of the
high-pressure FT-ICR line shape; the intermediate-
pressuve line shape may now be tested from the depen-
dence of the magnitude-mode FT-ICR line shape upon
the data acquisition period at fixed sample pressure,
based on the high-resolution spectra of a mixture of
HNO™ and CH3O" shown in Fig. 8. These ions are

li
a b ‘
T = 32 msec T=64 msec \
| ?,i
MM\IVW\/VWW/}/ M%

c d
T=128 msec T=256msec
p‘
» b _
CHZ0" CHO
e f
T= 512 msec T=102 sec
HNO™ HNO™
S =T M -1 ™ T T T
31010 31.020 3.010 31.020
amu amu
FIG. 8. Experimental FT-ICR magnitude-mode spectra of

HNO™ and CH;0" as a function of data acquisition period. A
time-domain transient ICR signal from HNO™ and CH;0" was
digitized and acquired for periods T ranging from 32 ms [Fig.
8(a)l to 1,02 s [Fig. 8(f)]. Thelinewidthsofthe CH;O™ spectra
shown here provide the data for Fig. 9.

J. Chem. Phys., Vol. 71, No. 11, 1 December 1979

Downloaded 05 Feb 2007 to 128.187.0.164. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



Marshall, Comisarow, and Parisod: lon cyclotron resonance spectroscopy

0 25 05 715 1.0
T(sec)

FIG. 9. Dependence of the experimental FT-ICR collision-
broadened linewidth upon data acquisition period, at fixed sam-
ple pressure. A transient time-domain ICR signal from CH;0™
ions in CH4ONO was digitized and acquired for various periods,
then Fourier transformed, and the linewidth at half-maximal
magnitude-mode peak height determined (see Fig. 8). Each
solid circle represents the ratio of the linewidth for the maxi-
mal acquisition period divided by the linewidth at the stated
(shorter) acquisition period. The relaxation time determined
from the linewidth for Fig. 8(f) is 250 mg. The solid curve

is the theoretical relative mass resolution [from Eq. (24)]
computed for 7=0.25 s and 0 =7 =1,02 s (see text).

formed by impact of low energy electrons upon
CHZ;ONO. # After broadband excitation, the transient
(time-domain) FT-ICR signal is eventually damped to
zero by reactive? and nonreactive collisions with the
neutral background gas. The various individual fre-
quency-domain spectra in Fig. 8 resulted from discrete
Fourier transformation of digitized transient signals
that were acquired for different (indicated) acquisition
periods. As the acquisition period progressively in-
creases from 32 ms [Fig. 8(a)] to 1. 02 s [Fig. 8(f)], the
line shape progressively changes from the low-pressure
form [Eq. (26)] to the high-pressure form [Eq. (28)].
For example, the experimental linewidth at half-maxi-
mal peak height for an acquisition period of 32 ms [38. 2
Hz from Fig. 8(a)] is in excellent agreement with the
theoretical linewidth of 38. 0 Hz calculated from the
zero-pressure limiting line shape of Eq. (26) with T
=32 ms.

Alternatively, a relaxation time of 7=0.25 s may be
calculated from the experimental linewidth (2. 2 Hz) at
half-maximal peak height of the CH;O™ peak in Fig. 8(f),
using the high-pressure line shape of Eq. (28). From
this 7 value and the known acquisition periods T indi-
cated in Figs. 8(a)-8(e), the relative experimental FT-
ICR mass resolution may be calculated as a function of
T. Figure 9 gives the result of this calculation. Each
solid circle in Fig. 9 represents a ratio of the (high-
pressure limiting) linewidth for the maximum (effec-
tively infinite) acquisition period divided by the experi-
mental linewidth for the indicated (shorter) acquisition
period. The solid curve in Fig. 9 is the theoretical
relative mass resolution [from Eq. (24)] calculated for
7=0.258and 0=7=1,02 s. The experimental data
points are in excellent agreement with the theory,
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demonstrating that Eq. (24) provides an accurate de-
scription of the experimental FT-ICR intermediate-
pressure magnitude-mode line shape.

. V. SUMMARY

Analytical expressions for FT-ICR frequency~domain
spectra (absorption-mode, dispersion-mode, and mag-
nitude -mode) have been derived for ions that may under-
go both reactive and nonreactive ion-molecule colli~-
sions. Provided that the duration of the broadband FT -
ICR excitation is short compared to all chemical (i. e.,
ion—molecule reaction) relaxation times, the analytical
line shape for reactive and nonreactive ions is given
simply by Eqs. (23) (absorption-mode) and (24) (magni-
tude -mode).

In contrast to the conventional ICR line shape, which
is described by a very complicated function of reactive
and nonreactive ion~molecule collision rate constants,
and which exhibits completely different algebraic form
for primary, secondary, and tertiary ions, "*!8 the FT-
ICR high-pressure linewidth is simply proportional to
the sum of the reactive and nonreactive reciprocal chem-
ical relaxation times, and has the same functional form
for both reactive and nonreactive ions. Thus, low-
pressure FT-ICR spectra furnish high-resolution mass
spectra for chemical applications, L3 LM while high-
pressure FT-ICR spectra provide for particularly sim-
ple determinations of ion—-molecule collision rate con-
stants. 2!

Finally, the theoretical (Fig. 6) and experimental
(Fig. 9) results in this paper demonstrate that the high-
resolution capability inherent in FT-ICR can be realized
in practice, while retaining most of the large signal-to-
noise enhancement derived from the multichannel advan-
tage!®*?? of Fourier data reduction.
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