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A new method of selective ion storage in a quadrupole ion trap is described. Broadband
waveforms wer e ap plied to the endea rs of an ion trap to eject unwa nted ion s by reson an ce
excitation, which enhanced the storage of selected target ions. A unique trapping field
am p litude modulation technique allowed the use of wavef orms with fewer frequency
components. The requirements and methods of calculations for frequency-optimized wave­
forms are di scussed. Ad vantages of th is method include the reduction of target ion loss that
results from collision-activated dissociation. In other applications, equivalent performance,
relati ve to method s that use nonmodulated trapping field s combine d with waveforms that
have a higher frequency densitv, was shown. (I Am Soc Mass Spectrom 1995, 6, 928-935)

T he ion trap is a sensitive and versatile mass
spectrometer. Th e storage of lar ge number s of
ions will result in coulombic interactions that

degrade the sens itiv ity and resolution of the device.
The need to utilize the limited ion storage capacity of
the trap has resulted in the develop ment of severa l
techniques to eliminate unwanted ions from the trap
and se lective ly accum ula te only specified tar get ions.
rf-dc isolation techniques have been used to selectively
trap an d accum ulate ion s [1- 3]. These techniques es­
tablish trap conditions that destabilize unwanted ions.
A sign ifican t limitati on to thi s approach is that only a
single contiguous range of target ions can be selec­
tively stored .

Ions trapped in a quadrupolar trapping field have
amplitude oscilla tions whose cha racte ristic (or sec ular)
frequencies are functions of the mass-to-charge ratio of
the ion and the frequency and voltage of the rf trap­
ping field [4]. The radial or axial motion of the ions can
be increased, via resonance excitation, by subjecting
the ions to a field whose frequency matches the charac­
teristi c frequency of the ion motion . The selectivity of
resonance ejection was utilized in early studies of ion
trapping processes to eliminate interfering ions [5]. In
these studies a supplemen ta l voltage was added to the
endcap electrodes of the trap to create a dipole field
whose frequency matched the secular frequency of the
ion to be ejected . The ions in resonance with this field
increased their amplitudes in the axial direction until
the ions were ejected. Swept frequency techniques [6,
7] for ion ejection have met with limited success due to
the low duty cycle for ejection . More recently, broad­
band resonance excitation techniques have been de­
scribed that use stored w aveform inv erse Fourier
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transforms (SWIFT) [S-ln constructed waveforms [13,
14], or filter ed noise [IS, 16].

The techniques that utilize broadband resonance
exc itatio n ar e all similar in that the waveforms have
numerous frequency components to eject unwanted
ion s and not ches in the freq uency spectrum that corre­
spond to the secular frequencies of the target ions. The
wa veforms are applied during the ioniza tion period to
continuously eject the unwanted ions. Efficient isola­
tion of the target ions requires very narrow notches
with frequency components on each side of the target
ion secular frequency to eject the corresponding ions
with masses above and below it. The coulombic influ­
ence of space- charge on the ion secular frequency,
however, can shift the frequency as though a de field
wer e present [1]. Because there is a finite time required
to eject unwanted ions from the trap by resonance
excita tio n, there is some ave rage space-charge,
throughout the ionization period, in excess of that due
only to the target ions. The space-charge can shift the
secular frequency of the target ions from the theoreti­
cal value used to determine the center frequency of the
notch. Thus, when narrow notches are used for isola­
tion and a large amount of space-charge is present, the
secular frequencies of many of the ions may be shifted
outside of th e notch, which causes these ions to be
ejected .

More recently it was recognized that in nonideal ion
traps that possess an octopole distortion, the secular
frequency of the ion depends on the amplitude [17].
Thus ions formed far from the center of the trap (e.g.,
during electron ionization or ion injection processes)
will have secular frequencies that are different from
the values that they would have at the center of the
trap. The use of a buffer gas in ion traps for collisional
dampening of the ion oscillations is advantageous for
both electron ionization [4, 5, 18] and ion injection
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ionizati on period is d efined by the elec tro n ga te . Th e
broadband waveform was applied during the ioniza­
tion peri od and fo r a speci fied time afte r th e end of
ionization. During the ionization period the amplitude
of the rf storage fie ld was m odulat ed by 2% by usin g a
triangle modulation function at a frequency of 1000
Hz. A 2(;; modulati on requires a ±3 DAC change in
the rf trapping field when it is at a nominal value of
100 DACs; th is corres ponds to a low mass-to-charge
ratio cutoff mass of 415 (i.e., the mass at which q =

O.90R ). A modulat ion freq ue ncy o f 1000 Hz req ui res a
dwell time of 83 ms per DAC step. The collisional
d amping of an ion to th e cen ter of the trap takes
several milliseconds [4, 5, 18--22]. Because the secular
frequencies of ions in the tra p are ca lcu lated from th eir
theoretical values when thev are located at the center
( w here the octopole effec ts 'on the sec u la r fre quenci es
ar e ze ro ), an ad d itio nal "cool time" afte r the end of
ioni zation is ne ces sa ry to allow ions far from the center
to be co llisiona lly damped to the cen te r. Th erefore,
after the end of ionization, the rf field completed one
ad d itio na l m odul ation cvc le. A t the ex tre mes of each
half cvcle there were u~er-defined dwell times (Jaw
mass d w ell, high m ass dwell) that allowed fine tu n in g
of the resonant ejection process on each side of the
t.Hget ions. Without the cool tim e, unwanted ions
formed at the end of ionization would not be com­
p lete ly ejected . Normal scanning of the ions from the
trap for detection followed the last modulation cycle.
Thi s scan fu nc tion was used for bo th th e automatic
gain control (AGel pre-scan [23] and the analytical
scan .

The motion of an ion in a quadrupole field can be
dete rmi ned from the so lu tio n to the Mathieu eq ua tion
[,J.]. The stable solutions to the equation are character­
ized by the par amet er s q. and a_ th at define th e
operating point of the ion within th~ stability region.
These pa ramete rs are d efined as [4]

Figure 1. 1'\-1515 scan function.

lJ : = - 8eV/ 1Il ( r l~ + 2 zl~ ) /n2

II- = - 16 cU/ IIl ( r l~ + 2zl~),In 2

0)

(2)

Scan

B

I I
High Mass Dwell

Time

Low Mass Dwell

I I

A

RF

Elect::J
Gate

I

WF

Experimental

processes [19 -22] . It would be ex pec ted tha t ions
formed or injected far off center followed by collisional
dampening to the center would ex pe rience a tim e
dependent shift in their secular frequencies. Again, the
initial frequen cies would be different th an those lo­
cated at the center of the notch, which causes ejection
of so me o f the tar get ions .

This work used broadband waveforms combined
with amplitude modulat ion of the fund am ental rf trap­
ping field to selectivelv store specified target ions and
eject unwanted mat rix ion s. Th e field mod u lation tech­
nique was shown to produce results similar to previ­
ous methods while offeri ng severa l advan tages. Am ­
plitude modulation of the rf trapping field modulates
th e secu lar freq ue ncies of stored ions. The dipolar field
formed when a broadband frequency tailored wave­
form was ap p lied to the en dcap electrodes of an ion
trap was periodically brought into resonance with the
secul ar frequencies o f the ions, when the rf trapping
voltage was modul at ed , and axial excita tion resulted
in ion ejectio n . Th e proper se lection of the frequen cy
components resulted in the ejection of unwanted ion's
and th e se lective acc umu lation of ta rget ions.

Results and Discussion

1. Trapping Field ModulatioJl

Figure 1 shows the field-modulated selective ion stor­
age (FMSIS) sca n fun ction used in th ese st udies. The

All experimen ts w ere performed v ia a Varian Q ISMS
ion trap (quadrupole ion storage mas s spectro mete r;
Varian Ch ro matograp hy System s. Walnut Creek, CA l
and prototype se lec ted ion sto rage (SIS) software. Th e
QISMS system contained a built-in arbitrarv waveform
genera to r (W ave - Board) th at ap p lied a ~aveform to
the endcap electrodes to create a dipolar field. Mernorv
on the Wav e - Board a llowed the storage of 32 diffe~­
ent waveforms at any time. Additional scan functions
and w avefo rm s co u ld be d own -loaded to the ins tru ­
ment at specified times during data acquisition or in
real time in ins trumen t con tro l. Th e QISMS so ftware
allowed the creation of user-defined scan functions
w ith control of th e rf an d d c voltage, as well as th e
application of broadband waveforms to any segment
of th e scan function. The modu latio n of the rf vo ltage
was accomplished by software control of the rf digit,~l­
to-analog converter (DAC ) by usin g a triangle modula­
tion function. The sample used for most of the work
report ed he re was per fluoro-t ri-u-but vlarnine (FC-43).
The pesticide samples of lOU-ppm a{drin and hepar­
ach lo r epoxide in hexane w ere obtained from Po lv­
Science Corp. (Niles, Ill. The trap was operated at' a
temperature of 150 T . The approxima te trap p ressure
was calculated to be 2.0 mtorr based on th e trap
cond uc tance, pumping speed for hel ium, and the mea ­
sured colu mn flow rate of 1.0 atrn cm \/m in .
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where V is the amplitude ((l to peak) of the rf potential
appli ed to the ring elec trode, U is the de potential, III

is the mass-to-charge ratio ( 1111=), I'll is the radius of
the ring elec tro de, : '1 is the inscr ibed radi us of th e
endcap electrodes, and n is the rf drive frequency, The
sec u la r frequency of an ion iu C,1I1 be determined fro m
the value of f3 : [4]:

The value of f3 , is a fun ction of the operating point in
(n ,q) space and can be comp uted from a well known
continuing fraction [3]. In this work no d c field was
applied . thus a: = 0,

Cha nging the amplitude of the trapping field by J V
caused a chan ge in the oper ating point j, q, and , thus.
the secular frequency of tho ion J ttJ Because the
secular frequency changes with mass, th e cha nge in
frequency caused by ,1 change in trapping field also
w as a fun ction of mass . A calcu la tion o f the frequenc y
change as a function of mass for a 2(; rf voltage
cha ng e an d d low mass-to-char ge ratio cu to ff ma ss of
48, indicated that 1Il1= SO shifted bv 5 kHz and 1Il/=
650 sh ifted by 0.2 klI z. Th e fre que ncy shift is hi ghl y
nonlinear, it changes rapidly at low mass and onlv
sligh tly changes a t h igh mass. This is th e res u lt of th~>
inverse mass dependence or the operating point q, and
th e nonlinear relati on ship be tween q and th e secular
frequency. When the frequency components in the
w avefor m were properl y spaced the sec u lar frequen ­
cies of the unwanted ions were periodicallv resonantly
excited and ejected as th e trapp ing fieki am plitude
was varied,

(<J = ( J3 /2)!! (3)

with a modulated trapping field to selectively trap
masses 11/1 and m2. Without field modulation, seve ral
ions would not have secular frequencies in resonance
w ith th e frequency compon ents in the ap p lied wave­
form. Figure 2c and d show how modulation (lowering
and raising) of the tra p ping field shi fts the sec ular
frequencies of the ions. During each complete cycle of
modulati on , the sec u la r fre quenc ies of th e unwanted
ions are swept through one of the frequency compo­
nents of th e app lied waveform. Co m paris on of Figure
2c and d with 2b also shows that m1 and m2 never
leave the frequen cy notch, wher eas all the unwanted
ions do and thus are resonantly excited and ejected.
The advan tage of th is approach is that it allows th e
effective notch width to be changed in real time by
changing th e amplitud e of rf modulation, without th e
need to change the waveform.

The method of calculating a field modulated wave­
form for a single mass range, could easily be extended
for use w ith multiple mass ranges. Given that the mass
range of tar get ions to trap is bounded at each end by
III I (low mass) and mH (high mass), the corresponding
secu lar frequencies, fmL and f mH' at each end of the
contiguous range of target ions could then be com­
puted . If only a single mass w as to be isolated, then
II/I = II/Ii ami i-« = fmH; this was defined tu be an
isol ati on window of 1. An iso lation wind ow of 5 w ould,
therefore, be mmH = I1l m L + 4. Resonance energy was
ab sorbed from th e supplemental dipole field over a
finite frequency. If the width of the resonance was
defined to be ~fr ' then an " ed ge sca ling" factor could
be defined as

2, Wav f.form Calculatiolls

Figure 2a illustrates the separation between secular
frequen cies that cor res ponds to an increasing ran ge o f
integer masses. Figure 2b shows the frequency compo­
nents of a waveform that w oul d be cons truc ted for use

(4)

The edge scaling factor defined the rrurumurn notch
width that cou ld be obta ined (i.e., when IH L = mH , and
i-« = fmH) and was itself a function of mass. Thus, the
frequencies a t each end of th e notch, for the nonmodu­
lated field case, would be:

Figure 2. (a) Secular rrcqucncv spacmg for integer masses, (b)
Freq ue ncy spaci ng for the F\ 1SrS w aveform. (c ) Shift in secu lar
frequencies that result from lowering the amplitude of the rf
sto rage volt age , (d ) Sh ift in secu la r freq uencies tha t resu lts from
increasing the am p litu de o f the rf ,t" rage \'" Itage ,
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f"l = IL + ~fl = j~'L + ~fr/2 + ~/L (7)

f ,+1= II. - ~/H = ImH- ~/r/2 - ~fH (8)

Th e change in th e sec u lar frequencies tilL and tifH
that resulted from a change in the trapping field can be
co mp u ted for eqs 5 and 6. These values yield the final
frequencies that define the ends of the notch for the
field modulated case:

(5)

(6)

f l = fml + fe' = fml + st.):
f li = fmH - f"s = f mH - ~fr/2

Once the end frequencies were determined, the fre­
qu en cies outside of th e notch could be established. A
complete set of frequencies could be found that would,
in the absence of any notches, eject all ions over the
en tire mass range , from the low mass-to-charge ratio
cu toff m ass to a defined upper limit. This could be

High MassDecreasing Frequencylow Mass
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d on e by di v id ing the mass rangl' into multiple region s.
Wi th in eac h region the sma lles t freq ue ncy cha nge
within that region determined the freq uency spaci ng
for the waveform com ponents that spa n the ran ge. For
example, to eject ion s from III / : 50()'hOll, frequen cies
spaced 1.5 kHz apa rt were sufficien t: to eject ions fro m
11I / : 50-75, spacing of S kH z could be used . A wave­
form that has as few as DO co m po ne nts, sp aced prop­
erly, was iound to easi ly eject ion s that spans the en tire
ma ss ran ge from 111/ : -tH-' hSO wh en the nom inal lo w
mass-to-charge rat io cu toff mass was -tS and the trap ­
p ing field was modulated by 2( ; . A random se lec tion
of phases ensured that the dynamic range of the wave­
form was sma ll- typ ically 15 V pe ak to pe ak for the
unnotched waveform .

datum point for 11I / : 69 and a cu to ff mass of 48
co rre sponde d to a va lue of {3 = 0.491. Thi s {3 is very
close to a nonlinear reson an ce of the trapping field [17,
24], which has been shown to lower the vultage re­
quired to eject an ion locat ed at that operating point.
The dat a wer e co llec ted by using the maxim um fixed
ion ization time that s till would giv e unit mass resolu­
tion for each test ion. Ion izati on times less than the
ma ximum showed no cha nge in the required voltage .
Excita tion tim es of 5,3, and 1 ms were investiga ted . As
the excitation time was reduced, the minimum voltage
was increased linearl y such that the fluenc e (the p rod­
uct of the amplitude and time) [25] was essentially
cons tan t. Ther efore, the vo ltage sca ling as a fun ction of
mass did not change with either ionization tim e or
span"charge lev el.

m Il

4. Effects of Low Mass-to-Charge Ratio
Cutoff Mass and Space-Charge

The e ffects o f rf storage vo ltage and space -cha rge
were studied by opera ting the trap in tw o di fferent
modes. In both modes the sca n function cons isted of
three consecutive time period s A and B, as show n in
Figure I, and an ad d itiona l period C. Per iod C was
inserted aft er pe riod B and prior to mass scann ing. In
mod es 1 and 2, per iod A represents the ionization tim e
defined by the electron ga te. Th e ion iza tion rf sto rage
voltage, expressed as the low mass-to-charge rati o cu t­
off mass, wa s 111 / : 48 for all measurements. In mode 1
,1 wav eform was applied during the ion iza tion peri od
as well as period B. Period B provided an addi tional
5-m5 cool time (during w hich the rf storage vo ltage
was the sa me as th at during the ionization period) to
iso late the target ion and to eject all other ions. Th e rf
storage voltage was va ried during the subsequent pe­
riod C (S ms in duration) and followed by the normal
ma ss sca n to mea sure the ion intensiti es . In mod e 2 no
isolati on occurred during ioni zation and the rf storage
vo ltage was varied du rin g peri od B, also w ithout mass
iso lation. Mass isola tion occurred in period C during
whic h the rf vo ltage was the sa me as that during
ioni zation (low ma ss-to-ch arge rat io cutoff mass = 48);
the normal mass sca n followed .

In mode 1 the effects of sto rag e rf un the trapping
efficiencv could be deter mine d in the ab sence of
space-charge due to o the r ions. In mode 2 the added
effect of space -cha rge on the trapping efficiency could
be measured . Measurem ents were made of normalized
intens ity (intensity di vided by ionization time) at eac h
ri level , for th ree different fixed ionization times, and
for tes t ions 111 / 2 69 and 464. At s to rage levels above
1/1 /= 2.3 w ith high mass ions there was little depen­
dence between trapping efficiency and the low mass­
to-charge ratio cutoff ma ss or spa ce-charge (see Figure
-l, w he re " t = SOOO, iso" represents an ionization time
of .300D f-LS for the mass-isolated test ion). The loss of
s torage efficiency occurred at lower rf lev els and wa s

700600500
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The required amplitude of eac h freq uency com pone n t
was det ermined by measu ring the minimum vo ltag«
necessary 10 cject 9S' ;; o f the ions for a gi "cn mass-to­
charge ra tio. The ion s were firs t iso la ted by app lying a
wa ve form d u ring ion iza tion and for a 5-m s cooling
time after ioni zati on ended . A sup plemental ax ial vo lt­
age was then applied for an ad d itiona l 5-ms followed
by the norm al mass scan. The sca n wa s repeat ed and
the frequency of thi s suppleme nta l vo ltag e was va ried
s low ly so that du rin g the S-ms exc ita tion pe riod it was
essen tia lly cons ta nt. This prod uced a frequency sca n
th rough the reson an ce and W ,lS repeated a t p rogres­
sive ly lar ger vo ltages. In th is way the frequency ad ­
sorp tio n p rofile could be determi ned as a func tion of
voltage for mass-isolated ion s. The width of the reso­
nan ce at half-maximum for the isolat ed ion at the
minimum ejection voltage was ob served to range from
approximately 1200 Hz ior low ma sses (below III / Z

100) to 800 Hz for high masses (above 11I / : 500).
Figure 3 sho ws the relationshi p betw een am plitude
and ma ss at different ri trapp ing vol tag es , exp ressed in
terms of the low mass-to-cha rge ra tio cu to ff ma ss. The

Figure 3. Minimum axia l vOlt,lgC (p ea k to peak) required to
e ject th e mass -isolat ed tar get ion <h i1 func t ion of m ass a nd rf
sto rage mass.

3. Amplitude Tailoring of Frequency
Components
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Figure 6. Selective storage of mr : 100, 131, 264, and 414 from
FC-43 by using an isolati on w ind ow of I.
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Figure 4. Normalized ion intensities as a function of rf storage
mass for target ion 11I /: 464. .

more pronounced with higher space-charge (larger
ionization times). Similar data were obtained for mrz
69, where no measurable affect of space-charge could
be observed down to a cutoff mass of mlz = 10.
Below mlz = 10 the storage efficiency quickly fell to
zero. The complete absence of mass isolation before the
mass scan allowed space-charge levels from longer
ionization times to be large enough to result in a
severe loss of resolution.

The individual effects of the broadband waveform
and the trapping field modulation are shown in Figure
5. Figure 5a shows the electron ionization (ED spec­
trum of FC-43 with an AGC ionization time of 806 /.LS.

Figure 5b shows the effect of application of the FMSIS
waveform constructed to isolate mlz 464. The ioniza-

a

b •.,..... II lin

X6

W."etonn. No Modulation

mlz=264
I

"

Io n 63:JS u-e: EI

tion time was increased to 6335 /.LS and many, but not
all, of the unwanted ions were ejected . Figure 5c shows
the result of the combined effects of the waveform and
a 2% amplitude modulation of the trapping field. All
of the ions except for mI z 464 were ejected and the
AGC ionization time was increased to the ma ximum
allowable value of 24,999 /.LS.

figure 6 shows the isolation of four ions of FC-43 by
using an isolation window of 1 (Ivu wide isolation).
Increasing the isola tion window to 5 (5-u wide isola­
tion) showed no change in the observed intensities or
relative intensity ratios for the isolated ions. Figure 7
shows the region around mrz 131 without FMSIS. The
inset figure shows the isolation of the mlz 132 isotope
from mlz 131. The scale was the same (100% = 528)
and the AGC ionization time was increased to 25 ms. It
should be recognized that this type of mass isolation
resolution (unit mass) cannot in general be obtained at
higher mass. The secular frequencies for mrz 131 and
132 are 124.9 and 123.9 kHz, respectively, for a cutoff
mas s of ml z 48. Therefore, a notch width of 1 kHz
could resolve masses separated by 1 kHz. At mrz 600
the same I-kHz notch would span a mass range of 22.

In other methods of ion isolation utilizing notched
broadband waveforms, the frequency components 10-

miz==214

j 100% =528

FMSIS

Ian 1153 usee EI

No FMSIS

C 1e8:4 . 1IiJ7Z Wlveronn. Modulation

0--- m/.-131

Figure 5. (a) FC-43 spe ctrum without waveform applied to
endcaps. (b) Spectrum with waveform to isolate 11I/: 464 but no
field modulation. (c) Spectrum with waveform and field modula­
tion .

Figure 7. Spectru m of FC-43 in the region around mlz 131
without FMSIS. The inset shows the effect of applying the FMSIS
waveform during ion izati on ,
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Figure 8. Rela tive intensities of m»: 134 fro m n-bu ty l benzene
ver sus wavefor m time for mod ula ted waveforms and sta tic field
wav eforms at notch w id ths of 3.5 and 7.5 kH z . Int en sities at each
tim e are re lative to th e int ensit ies obtaine d without waveform s.

ca red on either side of the secular freq uency of the
target ion maintain a fixed separation from that fre­
que ncy. In the field-m odulated me tho d the se paratio n
cha nges periodically so that the minimum separa tion
occurs for only a sho rt tim e. Whe n the end frequencies
of the not ched wa veform arc in cons tan t proxim ity to
the sec u lar frequency of the tar get ion, a small amo unt
of energy is expected to be con tinuous ly coup led in to
the ion motion. This is sim ilar to the condi tio ns that
are used in tandem mass spectrometry experimen ts in
the ion trap to achieve collisio n-ac tiva ted di ssociati on
(CAD),

Because the loss of ta rget ions fro m the not ch by
CAD would be expected to red uce sensitivity, the
normalized intensity of III l z 134 fro m »-buryl benzen e
was monitored as a functio n of the waveform time.
Butyl benzen e easily di ssociat es in an ion trap to fo rm
pr edominantly mrz 91 and 92, A fixed ionization time
of 5 ms was followed by a coo l tim e of 5 ms to allow
the ions to co llisiona lly coo l to the cen ter of the trap .
Waveforms then were applied to the trap for va rio us
times, Waveforms were constructed for a sta tic rf field
(no t modulat ed) by co-a dd ing freq ue ncy compone nts
from 20-450 kHz, spaced 500 I Iz apa rt, wi th cons tan t
amp litudes, and wi th ran dom phasing, The wav efo rms
for the modulated case were constructed so that the
"effective" notch wid th (no tch wid th w he n the rf field
was modulated ) was the same as for the sta tic case.
Figure 8 com pa res the result s obta ine d wi th FMSIS
waveforms (lab eled Modulated in Figure 8) with those
ob ta ine d wi thou t mod ulati on (labe led Sta tic) for notch
wi d ths of 3.5 and 7.5 kHz . Th e rela tive intensity (in ten­
si ty with wa veform divided by the intensit y uiithout
waveform) for mrz 134 decreased slowly with inc reas­
ing waveform time for a notch width of 7.5 kHz, The
relative in tensity for mrz 134 was ob served to de­
crease dramaticall y for the sta tic method when the
notch w id th was reduced to 3.5 kl-lz, whereas the
decrease in relative in tensitv for the modulated
(FMSIS) method was much sma ller. Both method s con­
verged to similar va lues a t shorter ionizat ion times.

02

0 1

10 1S

Waveform Time (milliseconds)
20 25

Th e effec ts of mod ula tion frequency and helium
bath gas pressure were stud ied briefly by monitoring
the relative inte nsity of m r : 134 from n-butyI ben­
zene, as a function of ionization time at numerous
modulati on freque ncies and trap pressures, The high­
es t usable modulation frequency w as limited by the rf
con tro l loop bandwidth to 1200 Hz. Changing the
modulat ion frequency cha ngcs the rate at which the
resonan ce maximum is passed and thus the amount of
energy that is coup led into the ion motion (assuming a
fixed ampli tu de for the waveform) . Frequencies be­
tween 400 and 1200 H z showed almost no effect on th e
norm alized dat a when the waveform amplitu de was
sca led in direct proportion to the frequency to main­
tain a cons tan t Iluence. Fre quenc ies below 400 Hz were
not stud ied, No effect on helium bath gas pressure was
observed over a range of 1-3 mtorr other th an the
expected increased loss of in tens ity at hi gher pressure
d ue to inc reased CAD .

The effec t of dynamic ad justment of the notch width
by changes in the modulation amp litude w as investi­
gated . A 2% modulation of the rf storage voltage was
u til ized d uri ng th e ionization period , followed by a
coo l time and one addi tio na l cycle by us ing a 2.65%
modulat ion am plitude, An ion of mr z 133 from
polysiloxan e co lumn bleed was used as the test ion.
Figure 9a com pa res FMSIS to a broadband waveform
for a sta tic rf field (BB) cons tr ucted as previously
described wi th the notch cen tered at the secu lar fre­
q uency of III / Z 133. Th e effective notch width for
FMS1Sd uring the postionization cycle was equ al to the
not ch wi d th for BB (6.5 kl-lz). Th e ion intensities for
the test ion were observed to be nearly the same. The
effec t of a decrease in the notch width to 2.5 kHz for
each wa veform can be seen in Figure 9b, FMSIS showed
a 14% loss of sens itiv ity when the resolution was
increased, whereas th e BB method showed a decrease
of 76%, The differences between the FMSIS and BB
became less significant as the w id th of the notches was
inc reased.

The applica tion of FMSIS to determ ine aldrin and
heptachlor epoxid e in extracts of bell pepper was in­
vestiga ted . A matrix of bell pepper, extracted with
me thylene chl oride and spi ked with the analytes at the
100-ppb level, was ana lyzed . The sam p le preparation
method is described in detail by Feigel [26, 27]. Tw o
mass ranges were sto red for each compound: 250-270
and 285-305 for Aldrin and 305-325 and 345- 365 for
heptachlor epoxide. Th e Wave - Board control so ft­
wa re was time programmabl e so that up to 200 differ­
ent waveforms could be applied throughout the chro ­
ma togra m at time in tervals as sma ll as 1 s. The FMS1S
waveform used for each compound was time pro ­
grammed so tha t the appropria te waveform was ap­
plied during the retention time window for each com­
pound. Analys is of th e extrac t w ith 50 p g on colum n
failed to produce a detectable peak (monitoring ml z
293 for Aldrin and mrz 353 for heptachlor epoxid e) in
the full scan £1 mode (w ithout a FMS1S waveform).
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qua lita tive in for mat ion of the isotopi c clusters could
be retained . The spectra l characte ristics were the sa me
as the neutral concentra tion cha nged ove r severa l or ­
ders of magnitude. Feigel [26, 27] has reported librar y
sea rcha ble de tection limits for pesticide residues below
I() pg on column 0 0:1 sig na l-to-noise ratio) with
FMSlS, with over 4 orders of magn itude of linear
respon se. The consis tency of the spectra and the re­
sponse linearity (even for the nar row est mass iso lation
range w here space-charge effec ts are the grea test) is
the result of holding the space- charge in the trap
relati vely cons tant by application of the waveforms
d ur ing the AGC pr e-scan . This a llowe d the analytical
ionization time to adjust to chang ing neutral concen­
trations and to maintain a cons tant cha rge in the trap
based on the ions in the iso lated mass ran ges.

Conclusions

Fig ure 9. (a ) lsol a tiu n of IH/ : 1:>.1 w ith ,1 nu tc h width o f 6 5 k l lz
for FI\:15IS and BB. (b) No tch wid th 01 2.:; k l i >.

Figure 10 shows the same EI spect rum tha t ut ilizes
FMSIS to elimina te the backgrou nd matri x ions and
selectively store the designated mass ranges for eac h
compound . The improvemen t in detection was the
result of ejection of the ions ou ts ide of the specified
storage ranges, which allowed a dramatic incr ease in
the ioni zati on time and, hence, the numbe r of ana lvte
target ions that were in the trap . For this analysis ,
relatively wide mass ranges we re stored so tha t the

293

138 135

m/z

2':l3

148

r
,J

/ II, ALDRIN

I'
!

lJ1! 135

m/z

148

The use of selective ion storage in conjunction with
au toma tic gain contro l gave increased sensitivity for
the ta rget ions that result ed from increased ion pro­
d uction via increased ioni zation time. For low mass­
to-charge rat io cutoff masses above 30, there was no
significan t influ ence of ion storage capacity due to the
presence of excess space- charge. The dominant effect
of space- charge was to degrad e the ma ss resolution of
the target ions in the trap. It was not necessary, there­
fore, to simultaneously eject all un wanted ions from
the trap in order to increase sensitivity. The trapping
field -modulated approach allowed the cons truction of
waveforms that contained a minima l number of com ­
ponents, which reduced the d ynamic ran ge of the
waveform as well as the calculat ion time. The modula­
tion technique has the ad d itional ad van tage of allow­
ing the effective notch width to be changed without
changing the frequency composition of the waveform.
In some applications the field modulation method was
found to red uce the amount of target ion losses (d ur­
ing ion formation and isolation) due to CA D. The
advantages of the field modulated selective ion storage
technique ena bled useful ana lysis of complex sa mples.
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