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ABSTRACT

Thotoionization ion eyclotron resonsnce (pi-icr) spectroscopy is
decseribed in detail, Thé construction and use of rare gas rcsonance
linc 1amps‘employing 14T windows is deseribed, with principle emphasis
on the argon resonance line lamp that produces photons of 11,62 and
11.83 eV. Calcnlations of the numher density and single resonance
signal intensity are made for primary, secondary, and tertiary ions,
and the low pressure lineshape calculated for an unreactive primary ion.
The ion chemistry of propanal, acetone, and propylene oxide (empir-
ieal Tormula cjuéo) is invcsﬁignted using pi-icr with the argon resoﬁance
ine lump. The major reaction sequence in propanal and acetone is parent
ion producing nrotonated parent ion, which condenses with the parent
neutra2l to produce the proton hound dimer. This is also the reaction
sequence in ethylene oxide. In propylene oxide, however, the parent ion
relative akundance is es-entizlly constant from 10_6 to 1O~4 torr. The
frazrent ion of mass W43 is the predominant primary ion at the argon res-
onance lines, and recacts to form ions of mass 41, 57, and 59. Double
rcconance is used to determine the rcaction segquence of the major ions.
At lO—u torr, therc iz less than 2% of the proton bound dimer in propylene
oxide, while in acetone or proranal the proton bound dimer is the major

product ion. Preliminary photolysis results on propylene oxide supggest

a chain precess is involved converting propylene oxide to propanal.



1I.
111,

Iv.

VII.

VIII.

iv
TAZLL OF CCUTEXIS

Acknowledsements

Lbstract

Table of Contents

IntroZuction

Fhotolonization Jon Cyclotron Resonance Spectroscopy

Intro-nction

Comparison of Electron Imprct sn? Fhotoionization ICR
Experimental--Argon Resonance Line Lomps
Experimental--Photolysis Analyslis

Fhotolonization Study of Thrce C3H60 Isomers

Introduction
Experimental
Pesults and Discussion
(i) DPropanal
(i1) Acetone
(iii) Progylene Cxide

Calculation of Fower Abhsorption in Photoionization ICR

Ton Production ani Concentration
Fower Absorption ant Signal Intensity
Lineshape in the Case of a Non-Reactive Primary Ion

References

L5
50

55
59



INTRCCUCTION

Ion cyclotron resonance (icr) spectroscopy is a relatively new (1)
mass spectrometric tool with a number of advantages for studying gas
phase ion chemistry, especially in the dectermination of reaction
sequences. The cyclotron rmotion of a charged particle in a uniform
magnetic field is used in determining the mass to charge ratio, m/e, of
ions in the icr spectrometer, A variety of factors makes it convenient
to study ion moleccule reactions in the pressure range 10—8 to 10"3 torr,
the long path lencth of ions in the cell allowing third and fourth gen-
eration product ions to be detccted at the higher pressures. The low
pressure limit is set by the sensitivity of the detection system, while
the'upper limit of useful pressure is set by the resolution, which varies
inversely with pressure (2). Unlike most other mass spectrometers, ions
arc detected in the same region and at the same time as they are react-
ing, rather than being withdrawn from a reaction chamber and accelerated
to a detector.

The icr cell is pictured schematically in Figure 1. An electro-
magnet produces a uniform magnetic field H in the -z direction. Charged
particles in this field move in circular orbits in the x,y plane ﬁith
cyelotron frequency w, = qH/me (Gaussion units), where ¢ is the speed of
light. The motion of ions in the z-direction is limited by static
potentials applied to the trapping plates; a positive potentiol én both
vlates will force positive lons to oscillate between the plates (3).
Besides the trappinrs field‘in the z-direcfion, there arc Arift plates

on the top and bottom of the cell to which an electric field T can be
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Figure 1 Cutaway view of the ion cyclotron rcsonance snectrometer cell.
o &
As deseribed in the Introduction, the sqnuare wave cenerator

attache?! to one trapping nlate is replaced by a static poten-
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ocitive ions. The use of the square wave
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enerator is deseribed on pages 21 and 24,
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applied in the -x direction., Normally, the drift field moves ions
formed at the elcctron beam into the resonance region, wherc they are
detceted. The cquation of motion of a charged particle in the presence
of magnetic and olectric fields, without considering collisions with
other particles, is

mdy/dt =q E+qyxH/ec.
Considering only the drift and magnetic fields, where E=-Ei and
! = ~-Hk, the Lorentz force éan be written in component fofm:

~

dv_/dt = - E/H - wevy

n

(vax

OI

dv_/4t
vy/

dvz/dt

A general solution to these equations is

v, = sin @t
v, = ~cos wct - cE/H,

which is circular motion in the x,y-plane superimposed on a constant
drift velocity vy = cE/H in the -y direction. Note that this velocity
is independent of the charge and méss of the ion. The motion in the
z-direction is not affected by the magnetic field or drift potentials,
The actual equation of motion of an ion in the icr cell includes
terms cexpressing the effect of both rezctive and non-reactive collisions.
with other molecules (2,4-6). However, at low pressuros; where the time
between collisions is comparable to the time an ion spends in the cell,
the effect of collisions can be ignored. This simplified treatment is
reasonably good even when product ions are dotected, although collisions

between ions and molecules must be ocecurring.



The stanfar? ionization process is electron impact at moderate
electron encrrics (10 to 70 eV). The electron beam crosses the source
region parallel to the magnetic field, After formation, ions are drifted
down the ccll by the -Irift potentizls. In the resonance region, which
has drift plates electrically insulated from the drift plates in the
source region, there is an rf electric field, E1 sin “HF' added to the
drift potential, perpeniicular to the magnetic fiold, The rf cloctric
f10ld ean he consldered as the sum of two contrnratating vectors; only
that part which rotates in the same direction as the ion can transfer
energy to the ion, in the x,y-plane., When the frequency of the rf
electric field is the same as the cyclotron frequency of an ion, the
ion will absorb energy from the field. Solving the equation of motion
for the case of a uniform magnetic fiecld and an rf electric field at the
cyclotron frequency of the ion leads to an ion energy in the x,y-plane
dependent on the time t the ion has been at resonance (4):

T(ukﬁt) = -%m(vx2 + vyz) = qZE1 t2/8m (averaged).
The power absorption of an ion is the time rate of change of the ion
energy:

2E12t/4m.

Mo, t) = d{w,t)/dt = q
The energy absorption is detected as a change in the Q of an L-C cir-
cuit (4). Some form of modulation, to reference the power absorption
at resonance to the negligiible power absorption off resonance, or when
no ions are present, is used, The detector output is passed through a
phase sensitive detector to recover the desired signal. The magnetic

field, drift velocity, clectron energy, ani trapping potential can be

modulated to procuce s phase dependent signél (7).



Most ion-molecule reactions have cross scctions that vary with the
relative ¥inetic energy of the two reactant species. It is possible to
inercise the kinetic energy of an ion in the source or resononce region
hy subjeeting it to an rf electrie field at its cyclotron frequency.
The power absorption in tﬁc dctector circuit of a product ion which
results from a reaction of the heated ion will probably be altered, due
to a change in the nurber density of the produet ion, If the power
absorption of a product ion is continuously'honitored in the resonance
region, while a second rf electric field in the source or resonance
region is swept through the cyclotron frequencles of possible reactant
ions, a change in product ion signal intensity may be seen when the
cyclotron frequency of a precursor ion is excited, This double reson-
ance experiment usually allows the ionic species coupled by reaction

to be unambiguously determined,



PIIOTCIONIZATION ICI CYCLOTRC: RESCIALCE SPECTROSCOPY

Introuction

In normal ier oncration, ions arc generated by clectron impuact,
A beawm of olectrons is emitted from a hqt filament wire, accolcerated
by a potential difference betwecen the filament and the source region
trapping plate, and collected on a plate just heyond the opposite trap-
ving plate, The electron beam is collimated by the mz2gnetic field as
it passes through the cell. The emitted electron current, ie' and the
ion current, ic' are related, in a one component gas at low pressure,
by the expression

i, E’iean,

where n is the number density of neutrals, Q is the total electron
impact ionization cross section, and 1 is the path length of the elec-

16

trons across the cell. Q varies typically from 1 to 30 x 10~ cm2 (8),

ie is regulated from 10"'9 to 10-5

amps, and ic is normally found to be
from 1 to 300 x 10-13 amps, The usefulness of this relationship depends
on the efficiency of the ion and electron beam collectors. The alignment
of the electron beam and its collimation, and the proper match of drift
potentials in the source and resonance regions, determines the accuracy
with which the currents are measured. A practical difficulty is that

the Arift and trapping voltages that produce the best sipnal intensities
0 not normally perrit the total lion currcnt to be measured at the ion

colleetor. BRalarced Arift voltaroes and high trapping voltages are

usually necessary to measure the actual ion current.



A sceond scheme for the generation of ions uses 8 eV or higher
encrgy photons in the vacuum ultraviolet. In this casc, a suitable
rhoton source is conncected to the icr spectrometer by a window at the
resonance recion end of the cell casing, as indicated by the modifica-
tions shown in Figure 2. Tﬁe photon beam passes down the entire cell in
the y-direction, finally striking the cell casing in the area of the
electrical feedthroughs,

A collimeted ray of photéns travelling down the cell should obey
Beer's law:

I(x) = Io e—o'nx’
where I{(x) is the photon flux at a distance x from the window, Io is the’
light intensity just inside the window, and @ 1s the total absorption
cross section of the gas in the cell. Assuming that the drift and trap-
ving fields 4o not extend appreciably beyond the limits of the cell
plates, only ions formed between the cell plates can later Be trapped by
the ion collector. Applying normal drift and trapping voltages to the

source and resonance regions, the ion current detected should be
d

5 - e-"ndc) ions/sec,

Ic =mn Io (e an
vhere M = ionization yield, or the probability that excitation by a
photon will produce ionization. Both o andM are energy dependent (9).
N is renerally less than one for polyatomic molecules, and typically
rangos from 0.2 to 0.7 (9,10). For acetorne at the region of the argon

resonance lino lamp to be discussed later, 11.6 - 11,8 eV, o is roughly

0.5 2 (11).
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stions of the standard icr cell for rhotoionization
studics, (a) Schemntic Aiagram of the coll and interface
rith the lrnp, viewed in the % dAirection., The interface
econncets to the larp and flaonze with O-ring sesls; a pressure
of ron~hly 5 micronc ir w2intazined in the interfoce by a
o1l rou-hing yrurp. (%) Dlosram defining dictances in the
coll., Actunl volues are 1 = 1S =6,35¢cm; 1 = 2,5 cm;

1C £ 3.5 em; and ds X 15 cr,
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Compariason of Fleetron Tmpact and Photoionization ICR

The dovelceprent of an intensc light source in the vacuum ultra-
violet allows the many advantages of the ion cyclotron resonance spectro-
meter liscovered in clectron impact ionization studies to be applied to
photoionization experimonts as well, A number of differences in the two
methods will be exmnined below,

(i) Energy Resolution

It is simple to produce a fairly intense electron beam from a
heated wire, and to generate any desired energy by using suitable elec-
trie fields, The beam current can be used to maintain a constant elec-
tron flux through feedback circuits. However, because electrons are
emitted from the filament with different energies and initial directions,
the electron beam that enters the source region will have a slight energy
spread. The trapping and drift potentials applied in the source region
produce a potential well in the center of the cell (3), which causes the
electron energy to vary as an electron crosses the cell. This leads to
an energy spread of the order of 0.3 eV about the nominal electron
energy (12)., Absolute measurements of the electron energy are difficult,
so indirect and possibly inaccurate methods are used in electron impact
“experiments.

In photoionization icr, the energy and propagation direction of
protons that enter the cell arc not affected by the magnctic and electric
ficlds present. In the case of rosonance line lamps as used in this
stuly, radiation of known energy and small bandwidth can be obtained from

the emission lines of the pas used. The rare gas and hydrogen lamps
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norrally uscd proluce either one or two intense lines, as listed in
Table I, The argon resonance lines (11,62 and 11,83 V) are the most
caorgetic that can be passel through crystal windows (LiF) (13) and are
thercefore the most often used for photoionization work, although they

do have an energy differenée of 0.21 eV, Using a lithium flouride win-
dow, the intensity of the more enercetic 1048,2 & line varies from about
205 to 1007 of the 1066.7 R line after passing through the window,
depending on the operating conditions,

L variety of continuum sources are also available (13), which could
be coupled with a monochromator to supplyvnenrly mono-energetic photons,
Besides being more cumbersome than the resonance line lamps, the con-
tinuum/monochromator source would suffer from decreased photon fluxes,
Argon resonance line lamps with photon fluxes of 1012 to 1014 photons/
sec can readily be made (14,15), the intensity being inversely related
to the useful life of the lamp., Continuum sources with an output of
108 to 109 photons/sec/® have been made (16); however, to generate suf-
ficient ions for operating the icr spectrometer would mean bandwidths
of 100 £ or more at lower pressures, which would give a photon energy
sprcad of the order of 1 eV,

(11) Sample Pyrolysis

The presence of a hot filament in the cell casing during electron
impact icr can lead to pyrolysis of the gas being studied, The filament
typically operates at 1500 °X (17). Vhen working at pressures above
10-& iorr, the VacIon pump that pumps continuously on the spectrometer

cell must be partially throttled off to avoid overloading it; contamina=-

tion of the sample gas with pyrolysis products will be especially likely
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Table I

Lowest Resonance Emissions and Ionization Potentials of
the Rare Gases and Hydrogen (Data from Reference 13)

Resonance Emission Jonization Potential
Gas (R) (eV) (R) (ev)
He 581,13 21.22 504,73 24,59
Ne 7?5.9* 12.25* 5749 21.56
' 743.7 16.67
Ar 1022.2* 11.23* 786.9 15.76
1066.7 11.62
Xr 1164.9 10.64 £85.6 14,00
1235.8" 10.03*
Xe 1295.6 9.57 1022.1 12.13
1469,6" 8. uu*
H 1215.7 10.12 911.6 13.60

* . :
Wavelength of the strongest emission.
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at these higher pressures, As an cxample of the difficulties possible
if the pump is completely throttled off, the pressure doubled in about
2% seconds with silane at a pressure of 2 x 10-4 torr, using 70 eV
clectron energy. The pressure Joubling wos accompanied by a marked
decreasc in the largest peak, SiH3+, and an increase in the H3+ peak
(18). This was attributed to the decomposition of SiH), to Si and I,
on the hot filament, the hydrogen then being ionized and reacting to
produce H3+. Although cases have not been well documented, similar
problems can be expected with many organic molecules at pressures above
10-1'L torr, Of course, pyrolysis cannot occur with a photon source
located outside the cell casing as in photoionization icr,
(1ii) Space Charge Effects

The electron beam crossing the source region sets up an electric
and magnetic field in its vieinity, thus affecting the motion of ions
and electrons in the region of the electron beam. Beauchamp (4) reports
that the magnetic field caused by the e¢lectron beam is too small to have
any affect, but that the space charge depression &V of the potential
at the electron beam may be. Caleculations show that (4)

AV = 7,6 x 107 ie/JV; volts,

vhere Vo is the nominal electron cnergy in eV. This sets up an electric
field of approximately 24V/d, where d is the spacing between the drift
plates, and can present problems when it is comparable to the drift
fielq, Vs/d, set up by the drift potential in the source region. For
an emission current of 6 uamp and an clectron energy of 14 eV, the space

charge depression is AV = 1,2 volts; normal drift potentials are from
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0.?2 to 1,6 volts. This swvace charge depression also contributes to the
spread in electron energies as the clectron beam crosses the cell. To

avoid the effects of the space charge depression on the resonant cyclo-
ron freguency of 1ons, the resonanece region is physically separated

from the electron beam. In photoionization ier experiments, the space

potential is not affected by the photon beam in the cell.

(iv) Electron Beam and Fhoton Current Measurement

As derived previously, there are relatively simple expressions
relating the ion and electron currents in the case of electron impact
ionization and the light intensity and ion current in the case of photo-
ionization. The electron beam current 1s routinely measured by an elec-
trormeter in electron impact studies, and good agreement between calcu-~
lated and measured pressures can be obtained using the ion and electron
current relationship. In photolonization studies, it would be possible
to determine the light intensity with a scintillation or photo-electron
counter inside the cell, although the efficiency of the counter would
need periodic checking. The light intensity just inside the cell window
decreases with time, necessitating several measurements of the photon
flux with no gas in the cell,

In photoionization icr, trapping voltage modulation (to be described
later) with zero drift potentials is the normal mode of operation. Thus
no ilon current is measured at the ion collector, and making ion current
reasurements at the trappins plates is complicated by the modulation of
the very small currents involved. FElectron fluxes and ion currents, in
practice, are much easier to measure than photon fluxes and the resulting

ion currents,
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(v) Threshold Ionization Efficiency
It has been found both experimentally (19,20) and theoretically
(20,21) that at threshold the cross section for direct ionization is

1, where Eo 1s the threshold energy,

nearly proportional to (E - EO)n -
E the enerpgy of the ionizing particle, and n the number of electrons
leaving the activated collision complex, In photoionization, where
n =1, the threshold behavior for parent ion production is nearly a
step function of photon energy. In electron impact lonization, n =2
and there is a linear increase of ion abundance with electron energy.
In photoionization studies it is often possible to get exclusively
parent ion at intensities great enough to be detected by the spectro-
meter, without having any fragment ions present, Vhen electron impact
is used, however, it is often found that by the time a useful parent
lon signal is obtained, the fragment ion intensity is also significant
(8,20), Thus photoionization icr may allow the study of parent ion
reactions without competition from reactions of fragment ions,
(vi) Neutral Product Analysis

The techniques of photolysis analysis can be used in studying ion-
molecule reactions when using a photon source. A gas sample can be
photolyzed by the same lamp used in the photoionization icr experiment
and analyzed by a gas chromatograph/mass spectrometer to determine the
neutral products (22), The products produced by ion-molecule reactions
could be identified from those produced below the ionization threshold
by performing another photolysis below the ionization potential of the

gas, using either a Yenon or Xrypton resonance line lamp., Radical and
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ion scavenzing cxperiments may also help to determine the ion chemistry
involved (23). Tt is extremely difficult to analyze the neutral

rroducts in electron impact studies,
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Experimental-~Arron Resonance Line Lamps

Oric basic deuign of resonance line lamp was used in the photo-
ionlzation studics. The basic components of the lamps (15) are (1) a
cylirdrical tube in which a gas is execited by a microwave discharge to
produce the ultraviolet radiation; (ii) a window at one end of the dis-
charge tube to pass radiation of the desired wavelength; (iii) an access
port for evacuating the lamp before filling and for introducing the
desired gas; and (iv) a gettering asscmbly or other device to control
impurities. The lamps used in these experiments are descendants of a
lamp designed by Arthur Lane (14) here at Caltech, Figure 3 shows the
first lamp (lamp I) used in this study, with a vacuum stopcock on the
access arm and an O-ring seal on the getter side arm to permit the
titenium filament to be replaced. Figure 4 shows a modified lamp (lamp
II), in which the O-ring secl is removed and a glass constriction added
to the access arm, so that the filled lamp has no greased components,
Eliminating the stopcock grease allowed the lamp to be used for consid-
erably longer periods before‘impurity lines in the spectrum became
excessive.

The discarge tube is made of pyrcx glass of 17 mm outside diameter
and roughly 2 mm thick walls. The tube is 23 em long in lamp I, and was
lengthened to 26 cm in lamp II to keep the discharge further from the
window, The discharge is normally maintained in a region about 12 em
long, and kept at least 6 cm from the window. The closer the discharge
is brought to the winilow, the hotter the window gets; heating the lithium

flouride window causes its cutoff (nominally 1040 & at 25 °C) to shift to
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Figure 3 Rare ras resonance line lamp (lamp I). The cold finrer was
not found to be useful with the arcon lamp, and was removed

during the course of the evneriments.,
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Fimare 4 Rare ~as resonance line lamp (lamp II), The sidearm on the
bell necr the window was added so that the interface hetween
lamp and flange could be rcmoved, bringing the lemp closer

to the cell.
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lonrer wavelenoths (24). Filyure 5 shows the effect on the tronsemission
of the 1048,2 & line of argon of bringing the discharge right up to the

window. Heating the epoxy holding the window to the glass also releases
contaminants from the epoxy, shortening the useful 1life of the lamp,

The window is a wafer of lithium flouride crystal, approximately
1 mm in thickness and 2.5 cm in Jiareter. Over twenty usable windows
were cleaved from a 2 inch long cylindrical LiF crystal obtained from
the Harshaw Chemical Company. Cleavage was effected by razor blade,
hammer, and steady hand. Through trial and error, it was found that
roughly halving the crystal with each cut produced the fewest breaks,
vhile attempting to cut a 1 mm window from one end of a large crystal
nearly always caused the window to break. Torr Seal, a high vacuum
epoxy made by Varian Associatcs, was used to cement the window to the
grourd glass end of the discharge tube, The window was kept under
vacuurm as much as possible to protect it from atmospheric moisture.

The formation of F-centers (25) with use of the lamp causes the window
to yellow and decreases transmission. A small mercury discharge lamp

brought right up to the yellowed window was found to slowly bleach the
window and improve transmission,

The getter filament consists of two 0,020 inch diamoter titanium
wires, 99.95% pure as obtained from Research Organic/Inorganic Chemicals
Company, wound around a 0,02 inch diameter tungsten support wire. In
the lamp I design, the getter assermbly can be easily removed by the
O-ring seal and the filament changed as needed. With lamp II, changing
the getter wires required cuttirg the glass envelope of the getter, but

a leak-proof sesl was made by the annealed glass wall., A special
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Figure 5 Behavior of the emission of the argon resonance line lamp
for two positions of the discharge relative to the window,

Lamp I was used, with only the one window on the lamp in the

photon path,
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vaceuum linc, used only for the prepuration of the lamps, is shown in
Ficure 6. Pefore filling, the lamp was pumped to 4 x 10~7 torr or

Tower with the oil diffusion pump, The titanium was deposited on the
inside glass walls of the getter by passing 19 amps at six volts through
the filament for approximately thirty minutes, after degassing for a
similar period, Two or three mirror coatings could usually be deposited
before the filament wires broke. The lamp was then filled with Airco
reéearch grade argon to a pressure of several tenths of a torr., The
pressure of argon added to the lamp was measured by a Veeco DV-1l{ thermo-
couple gauge. The conversion between air and argon pressure readings was
made using expansion from a known pressure read by a Wallace-Tiernan |
gauge.

The resonance line discharge was maintained by a Raytheon microwave
pover generator, 85 watts at 1004 power, which operates at 2450425 Miz,
The discharge was initiated by a spark from a Tesla coil. The simple
V-shaped antenna was positioned from 1 to 5 ecm from the discharge tube,

The output of the lamps.ﬁas recorded with a McPherson Ealf reter
vacuum monochromator, Seya-Namioka type, with a 1200 lines/mm grating.

A layer of sodium salicylate was used as a constant quantum efficiency
scintillator (26), with an EMI 95145 photomultiplier tube used to read
the photon current. The sodium salicylate was deposited in the manner
described by Knapp (27) to a density of roughly 3 mg/cmz, eight months.
before the first spectra here revorted were recorded, Tigure 7 shows
the instrumental set up for recording the spectra of the lamps.

The photon beam 1s left on continuously in photoionization icr, and

thus ions are formed continuously throughout the cell. The ion



(22)

Figure 6 Vacuum line designed for preparation of rare gas resonance

7

line lamps. A base pressure of 1 x 10’ torr is obtained

in the manifold, which is never exposed to air,
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Figure 7 Experimental set up used to monitor the output of the
resonance line lamps, The photolysis cell can be mounted
between the lamp and the entrance slit of the monochromator

to record the output of the lamp prior to photolysis,
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concentration is limited, anl the detcctor sipgnal modulated, by trapping
voltage modulation. The potential zpplicd to one trappping plote in the
sonrce and resonance regions is held at a constant +Vt volts, while on
the other side, the trapping potential varies in a square wave from +Vt
to —Vt volts. DPositive ions are trapped when both trapping plates are
at +Vt; they are swept to the negative plate and neutralized when tﬁe
potential on that plate switches to -V.. (Refer to Figure 1 for the
electrical connections in trapping voltage modulation.) The ion concen-
tration during the half period when ions are swept from the cell is too
low to be detected by the marginal oscillator,

The lamp used in the ion cyclotron resonance studies, lamp I, was
filled Qith 0.43 torr argon for the propanal and propylene oxide studies,
and to 0,52 torr for acetone. The lamp was checked on the monochromator
before zrnd after each compound was studied; Figure 8 shows the emission
after the propanal study. The relative transmission properties of the
LiF windows at 1048.2 & and 1066.,7 & (argon) and at 1215.,7 & (hydrogen)
were not measured for any of the windows used, but the cutoff for LiF
has been reported elsewhere (24) at about 1040 & at room temperature.
Thus each successive window the photon beam encounters enhances the
higher wavelength, impurity lines relative to the argeon lines, and the

light that enters the iecr cell will have larger impurities than indicated

by the emission spectra taken separately,



Figure 8

The emission spectrum of the argon rcsonance line lamp (lamp

I) after the propanal study. The titanium getter is in use,
and the lamp is connected directly to the monochrecmator. The
two peaks at about 2100 £ are believed to be second order

diffractions of the argon peaks.
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Trperimental-~-Photolysis Analysis

One of the major advantages of photoionization mass spectroscopy is
that the neutral products of ion-molecule reactions can be determined by
normal photolysis analysis methods., In the prescﬁt study, photolysis of
propylene oxide was used to hélp determine the ion chemistry of the
parent ion,

The photolysis cell is a pyrex vessel with two chambers, illustrated
in Figure 9. The actual photolysis region is cylindriecal, 2.5 cm in
diameter by 12.5 cm in length, with an internal volume of 52 cm3. At
each end of the cell a 1 mm thick LiF window is mounted with Torr Seal,
A vazcuum stopcock is attached to the center of the cell for filling it
and extracting photolysis products. Attached to the photolysis through
another vacuum stopcock is a spherical ballast volume, 6.5 cm diameter,
which serves as a blank.

Analysis of the products is performed using a gas chromatograph/
mass spectrometer combination. The photolysis cell is mounted on a gas
inlet system of the gas chromatographrand the condensable gases (at liquid
nitrogen temperatures) collected in a 9 cm long capillary U tube.. The
sample 1s allowed to come to room temperature before injecting it into a
Hewlett Packard dual column gas chromatograph. The sample can be sent
either to a flame ionization detector for more sensitive detection, or
through a thermal conductivity detector and then to an EAL quadropole

mass spectrometer, for mass analysis.
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Figure 9 The photolysis cell used in the photolysis study of propylene

oxide.



27

Photolysis Cell T

LIF Window LiF Window




28
PHOTOIONTIZATION STUDY OF TIIRLL CBHGO ISOVERS

Introduction

Ion cyclotron resonance spectroscopy has been used recently to
identify the structural isomers of a number of compounds (28,29), using
15 - 70 eV electron energy. Using the argon resonance line lamp described
in the previous sections, a photon source with two prominent lines (11.62
qnﬂ 11.83 eV) is available to perform similar studies., A preliminary
study of three of the structural isomers of CBH60 is here reportod,

There are seven chemically stable structural isomers with the empir-
ical formula CBH60’ as summarized in Table II., At least six of these
neutral molecules can be ionized by the argon lamp. The heats of forma-
tion of parent ions have been calculated from the ionization potentials
(30); however, the structure of the parent ions is not necessarily known,
especially when considerable excess energy is available in the ionizing

rarticle,



Table II

Heats of Formation and Ionization Potentials of C3H60
Neutrals and Ions (Dzta from Reference 30)

M AH§98(14) AH§98(M*) I.P.(¥)
(kecal/mole)  (kecal/mole) (eV)
ﬁ ‘
Acetone ‘ CHBCCH3 -51,8 171 9.68+,03
Propanal CHCH, CHO 48,7 181 - 9.98+,01
A1lyl Alcohol CH2=CHCH20H -32,2 191 9.67+.05
Vinyl Methyl Ether  CH,=CH-O-CH, -27.7 178 8.93+.02
CH
/N2 *
Cyclopropanol CHZ-"H-OH =27 - -
?Hz-O
|
Trimethylene Oxide  Ci,-Cd, ~24 199 9.67+.02
7\ .
Propylene Oxide CHZ-CH-CH3 -22 214 10.224,02

*Calculated by group equivalent method (Reference 31).
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Frperimental

The present study concerns acetone, propylene oxide, and propanal.
Samples were prepared from spectroscopically pure chemicals supplied by
Matheson, Coleman, and Bell, and were degased on a vacuum line by repeated
freezing, pumping, and thawing., Propylene oxide was examined by gas
chromatography and no impurity peasks noted,

The argon resonance line lamp was connected by an evacuable inter-
face with an O-ring joint on a flange at one end of the icr cell casing,
(See Figure 2). A lithium flouride window was attached to the flange,
so that the cell casing was v&cuum tight. The photon beam is collimated
by a mask on the ion collector end of the icr cell. The opening in the
rask is 13 x 9 em,

Trapping voltage modulation was used with one trapping plate held at
a constant +V£ and the opposite plate varied from +Vt to -Vt in'a square
wave, At low modulation frequencies, ions at resonance will absorb
enough energy so that they spiral out,and‘strike the top or bottom drift
plates and are neutralized., Observing the output of the detector on an
oscilloscope, thé trapping frequency was lowered until the power absorp-
tion began to flatten out. The flattened portion of the power absorption
curve represents a steady state concentration of the ion at resonance,
with the rate of production equaling the rate of neutralization. A
frequency of 23 hz was chosen as giving a strong signal but not allowing
many. ions to reach the drift plates. This corresponds to a trapping
period To = 22 msece, or a& square wave period of 44 msce. The following

diagram 1llustrates the resonant power absorption of an ion at a very
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low modulation frequency:

ions berin to be lost by
neutralization

«— stecady state

Instantaneous concentration
Power of the ion at
Absorption resonance
: o T background
k— 22 msec —| noise
™Mme ———>

<—— trapping voltage --Vt —|¢ trapping voltage +V£ —_

The best signal was obtained when small (0.1 - 0.3 volt) drift potentials
were applied on the upper drift plate in the resonance region, with the
other three drift plates at ground,

Since ions are continuously formed in the resonance region of the
cell, primary ions can be detected at higher pressures in photoionization
ier than is possible in normal electron impact ier. The concentration of
ions in the resonance region during photoionization ier should increase
linearly with time from the instant the trapping voltage becomes positive,
unless the concentration of ions becomes so great that some are forced
out by space charge effects, With the trapping times and photon fluxes
used here, it is not expected that space charge effects will be
significant.

A typical photoionization ier spectrum is shown in Figure 10, a
spectrum of acetone at 4.3 x 1()_5 torr. The magnetic field was swept to
bring the cyclotron frequency of each ion into resonance with the fixed

observing rf oscillator, At an observing frequency of 153.7 Khz,



Figure 10 Photoionization icr sincle resonance spectrum of acetone at
-
4.3 x 1077 torr. Trapping voltace modulation was used with

zero drift potentials and fixed frequency observing oscillator.
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successive mass pcaks are sevarated by 100 gauss. The spectrum shown

in Figure 10 was a ten kilopsuss scan made in ten minutes, covering 100
mass units., The spectra taken in the course of the pressure study were
made al the rate of 1 kilogauss per 10 minutes, and only the regions
where peaks were known to occur were scanned, Several full scans, as

in Figure 10, were male to insure that all peaks were detected. The
slower scan rate was used to get improved sipnal to noise ratio with a
lonzer time constant. Pressures below 10"5 torr were measured by the
current in the Vac Ion Fump, while above U4 x 10_5 torr a Baratron capaci-
tance manometer was used., In the region between 1 and 4 x 10-5 torr,
both pressurec mcasurements were taken, which allowed the Vac Ion Pump
pressure readings to be calibrated. The capacitance manometer was indepen-
dently calibrated tefore this study.

Double resonance was perfcrmed during the photolonization studies,
with the irradiating oscillator connected to the resonance region drift
rlates. Good results were cbtained, limited only by the small signal
intensities of some product ions, Figure 1l shows the double resonance
results for acetone at 6.3 x 10-5 torr, Note that varying the irradiating

frequency rather than the magnetic field produces a nonlinear mass scale,
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Figure 11  Thotoionization icr double resonance spectra of some
product ions in acetone at 6,3 x 1072 torr. The irradiating

oscillator is connected in the resonance region of the cell,
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Results and Discussion

(i) Propanal

figurc 12 shows the variation in signal intensity as a function of
nrcssure of the ions in propanal, The chemistry invelved can be easily
deduced from the pressure devendence of the various lons: the parent ion
reacts to form the protonated parent; the protonated parent clusters with
the parent ncutral, which forms the proton bound dimer upon collisional
stabilization, A fragment ion of mass 57 does not undergo reaction,
These reactions and probable structures of the ions involved are given
in Table III,
(ii) Acetone

The ion chemistry of acetone is more complicated, as indicated in
the pressure plot in Fipure 12. The principal reaction scheme is the
same as that in propanal: parent ion reacts to form the protonated
parent ion, which in turn clusters with the parent neutral to form the
proton bound dimer, At the cnergy of the argon resonance lines, there
is one fragment, accounting for roughly 187 of the initial ionization,
present: CHBCEO+ at m/e 43 (loss of methyl radical from parent ion),
The fragment ion reacts by proton transfer to produce the protonated
parent, The parent ion, besides reacting by hydrogen abstraction, con-
denses with neutral acetone to produce an ion of mass 101, The positive
double resonance response from the m/e 101 ion in the spectrum of the
proton bound dimer (see Tirure 11) is interpreted as arising from
collisionally induced decompostion of the m/e 101 ion to‘produce CHBCEO+,

which reacts as indicated above to produce the m/e 117 ion, The
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Figure 12 Relative single resonance signal intensities as a function

of pressure in propanal by photoionization ier,
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Figure 13 Relative single resenance signal intensities as a function

of pressure in acetone by photoionization icr,
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rostulated reaction scheme, which agrees with a previous study (28), is
1isted in Table IV.
(iii) DPropylenc Oxide

The ion chemistry of propylcne oxide is considerably different from
that in acetone or propanal, as is apparent from the ion intensity data
in Figure 1%, The parent ion signal remains an essentially constant
fraction of the total signal intensity throughout the pressure range
10_6 to 10’“ torr., The fragment ion of mass 43 (loss of methyl radical
from the parent ion) is the most intense pcak at low pressures, Double
resonance indicates the fragment lon reacts to form the protonated parent
ion of mass 59 and the ion of mass 57, loss of a hydrogen from the parent,
The douhle resonance response for the mass 41 ion is ambipuous, but the
pressure dependence indicates it also is produced by reaction of the
mass 43 fragment ion, Double resonance indicates that the mass /11 ion
reacts by hydride abstraction to produce the mass 57 ion., At the higher
pressures, a small amount of an ion of mass 117 (the proton bound dimer?)
is found, as well as an ion of mass 86, which could be either CSH100+ or
C4H602+‘ At 10"1'L torr, where in acetone and propanal the proton bound
Adimcrlis the maijor ion, in propylene oxide thcere is loss than 27 of the
proton bound dimer, This is in contrast to ethylcne oxide, which has
the same rcaction sequence as in acetone or propanal, witﬁ the proton
bound dimer the rajor pezk at hich pressures (29), The reaction sequence
indicated by double resonance and the pressure dependence is given in
Table V,

Propylene oxide is the least stable of the seven neutral molecules

of empirical formula CBH6° (see Table II); and thercfore could gain
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Figure 14 Relative single resonance signal intensities as a lunction

of pressure in propylene oxide by photoionization icr,
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thermodynamically in a rcaction converting it to any of the other
isomers, especially acetone or propanal, A preliminary investigation
of the neutral products of propylene oxide ion-molecule reactions was
undertaken using the photolysis cell deseribed earlier.

Propylene oxide was purified on a gas chromatograph and then
examined using a flame ionization detector, until a sample with no
impurity peaks was obtained. Lamp II was filled with 490 microns argon
and its output checked on the monochromator, The ratio of the intensity
of the Lyman alpha peak to that of the argon 1067 R peak (11216/I1067)
was roughly 0.1 after leaving the lamp, and roughly 0.5 after leaving
the empty photolysis cell, at 50% radiative power from the microwave
generator, It is therefore estimated that inside the cell, the ratio
11216/11067 was in the range 0,25 to 0.35. There were also numerous
impurity peaks in the region 1550 & to 2000 £ (7.9 eV - 6.1 eV), probably
due to water contamination (32), with intensities up to 50% of the argon
peaks. Thus there was considerable excitation below the ionization
potential, as well as ionization by the argon lines.

The photolysis cell and blank were filled with 0.7 torr propylene
oxide, as read on a Wallace-Tiernan gauge, and the stopcoclk between the
two areas closcd. None of the argon lines nor Lyman alpha could be
detected passing through the cell containing propylene oxide, A thirty
minute photolysis was made, and the lamp then checked again on the
monochromrtor. The impurity lines decreased sliphtly with use of the

lamp, The lamp was still usable one weck after filling, with the water

peaks reduced to roughly 157 of the argon peaks, and Lyman alpha
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incrcased to roughly 205, The removal of all stopcock grease from the
sealed lamp appears to have solved the severe outgassing problem found
in lamp I,

After photolyzing, the cell was attached to the gas chromatograph,
vith a single F,/)Loxydipropioni.trilc column, 0,125 in, diamcter by ten
feot long, leading to a flame ionization detector. The chromatograph
showed about W% conversion of the propylene oxide, with propanal (31%)
and acetaldehyde (1%) the major products., There were nine other peaks
less than 1% of the propylene oxide peak. The propanal and acetaldehyde
peaks were ldentified by their retention times. Positive identification
by mass analysis in a mass spectromcter was attempted on another photo-
lyzed sample, but instrument conditions were not good enough to record
usable spectra,

Although no intensity measurements have beén made for the lamps used
here, an order of mognitude estimate of the light output is 1O13 quanta/sec
(14). Since (a)? is probably less than one, (b) a fragment ion (m/e 43)
is formed in roughly the same quantity as the parent ion, and (¢) the win-
dov on the photolysis cell absorbs 25-70 percent of the argon emission
lines (24), the rate of parent ion formation is probably a factor of ten
lower than the lizht intensity leaving tho lamp. A thirty minute photoly-
sis produces perhaps 1.8 x 1015 parent ions, The 0.7 torr of propylene
oxide represents 1.2 x 1018 molecules in the cell; a 3i% conversion to
propanal represents 4 x 1016 molecules., Although this calculation is
likely off by an order of magnitude, a, chain length of rouchly twenty is
indicated, and the hirh yield of prOpgnal in the photolysis appears

consistent with a chein process converting propylene oxide to propanal,
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CALCULATICH Oi POJER ABSORPTION IN PHOTOIOWIZATION ICR

Jon Production and Concentration

Photoionization ion cyclotron resonance spactroscopy as described
in the previous sections has the photon becam traveling down the entire
length of the cell, so that ions are formed throughout the cell, Oper-
ating with zero drift potentials and using tfapping voltage modulation,
the only time that effects power absorption and hence signal intensity
is To' the time for which the trapping plates are positive and hence
trapping positive ions. The simplifying approximation that the observ-
ing rf electric field is confined to the area between the resonance
region drift plates, without fringe effects, will be made. Under these
conditions the power absorption expressions will be obtained,

(1) Photon Flux and Ionization Rate

For the purposes of this calculation, it will be assumed that the
photon beam is well collimated by the mask at the end of the cell, so
that its cross sectional area £ is a constant, It is further assumed
that the light beam has uniform intensity throughout its cross section,
and that the beam points directly down the center of the cell., Letting
¥ be the distance down the resonance region, Beer's law for the photon
flux per unit area is

IR(y) -1 e-c*n(ds + lc +y) - I:e—a-ny

0
where IO is the intensity of the photon bheam per unit area just inside

- Ioe-cn(ds + 1c)

the window, and IZ photons secnlcm-—'2 (See Figurs 2),

As before, n i5 the number density of neutral molecules, and ¢ is the
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total absorption cross scction of the gas, The rate of photon Aissap-

pearance is then

aIt(y) /3y = -OnIZe-o.ny photons scc-lcm-B.
Ir eaéh photon ahsorbed by the gas produces M primrry ions, the total
rate of ion formztion is

R (y) = "'la'nI:Ac—o‘ny = nR:e-o.ny jons sec-lcm“1 .
vhere R: =nNo AIZ ions cmzsec- R
(11) Maximum Trapping Time

At resonance, ions absorb energy from the rf electric field, and

the increased kinetic energy of the ions causes the radii of their
cycloid motion in the x,y plane to expand, Using the low pressure
equation of motion, as on page 3, the radius of an ion's motion, when

W, =G, is r(t) = cElt/ZH, where t is the time the ion has been at

1
resonance (#). So long as To is less than the time needed for the ions
to spiral out to the drift plates, no ions will be lost by neutralization
on the drift plates. The time necessary for the first ion to spiral
out to one of the drift plates is .

T = ZHrmin/Eic,
vhere Ly
drift plates. For a photon beam collimated to a rectangular area 13 x 9

n is the chortest distance between the photon beam and the

mm in the center of a 1 in. square cell and typical values of the
parameters, H = 5 kgauss and E1 =45 mV/2.54 cm = 5.89 x 10-5 statvolt/cm,
the critical time is T' = 4,6 msec: a modulation‘frequency of 108 Hz
would prevent any ions from spiralling out to the drift plates. When

working with ions of mass 20 amu or above and the normal rf power level
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of 17.7 mV/em, 2 modulation frequency of 260 Hz should be high enough
to keep jons from being lost. In cases where the photon beam is not well
collimated, so that 1t diverﬁes appreciably in the resonance region, per=-
haps even striking the drift plates, explicit correction for ion noutral-
ization must be included in the power absorption expression. Trapping
periods sliphtly longer than the shortest T' of a given scan should give
increased signal intensities, without greatly affecting the relative
signal strength,
(iii) Reaction Rates and Population Figures

This first treatment of photoionization ier will deal with the
relatively simple system, one primary ion p* reacting to form one sec-
ondary ion S+, which reacts to form a tertlary ion T*. Consider a

3

closed volume V, with a neutral gas density of n molecules/cem”, in
which there sre PT(0) primary ions present at t = 0, and no secondary
or tertiary ions, The ion population in V will satisfy the following

differential equations:

ap¥(t)/dt = -nkP¥(t),
as™(t)/at = nk,P*(t) - nk,8%(t),
art(t)/at = nk23+(t).

3

where ki is a bimolecular rate constant,‘units cm sec-lmolecule—l.
These differential equations have as solutions, with S+(O) = T+(O) =0,
P+(t) - P+(O)e-nk1t.
5¥(t) = FH o)k, (e 2" - e ™YY (K, - k),

™ (t)

+ -nk,t -nk,t
POt - o™k, - (1 - ™Y )/ - K).
The resonance region of the cell has a cross section of 3B cmz, and

in the center of it, a region of A cm2 in which ions are formed. In the
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small volume Bdy, there are R'(y)dy ions/sec formed; in the short intecr-
val dt there are R (y)dydt ions formed. All the ions formed by photon
jmpact are primary ions in this model, and constitute an lon population
which satisfies the above equations., 411 jons formed in the differential
space-time volume Bdydt ean be considered as having been formed at the
same instant of time,

rt a time T after the P+(O) = Rr(y)dydt primary ions wére formed in
Bdydt, there will be P+(T) = Rr(y)dydte-nkfr primary ions remaining, the
residuum having reacted to form secondary ions., The total number of

primary ions in the cell at a time T after the trapping voltage goes

positive (T<To) is

T 1,
nd(1) = L f nR:'e'“kfe’”y dydt = D, /k, (1 - Ty
0

where D1 = R;(j - e-‘rnlr). The following diagram shows the sequence
no
of events:
i g—T >
dt
k—tAK—T—
L
t
Trapping
Voltage
_vt .
K T, ¥ T, 3

Calculating the secondary and tertiary ion populations in an analagous
manner, the product ion populations at the time T are
-nk,T -nk, T\ ;,
Dk {(1 - e™2%) /K, - (1 - &™) /i }/ (k) - K))s
. m o -nk,T 2 -nk, T 2
Dkl {(nl,T - 1 + e7™2%) /K% - (nk,T - 1 4 e /K, }/(k1 - k).
The sum of the ion . populations at a time T is DlnT. A graph of the

ng(T)

n;(T)

relavite ion populations as a function of n is given in Figure 15.



Figure 15

(h9)

Theoretical relative ion abundances as a function of
pressure in photoionization icr. Trapping modulation used

with zero drift potentizls, Calculated for the system
)
“y K

P+ > S+ +

> T
- -1 -
with kl = 3,0 x 10 10 cmBSec molecule 1 and k

3

~1 5 =1
em”sec “molecule T,

2

= 2,0 x 107

10
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Pouwer Ahcorntion ard Sisntl Inten-ity

(1) Instantarcous Power Ahsorption
At low pressurcs, vhere the simplified power absorption expression
lerived in the introluction c¢an be used to a good approximation, the
power absorption will be lirited by the time the ions are trapped, for
_ . . + ot +
we are assuming T°<T for all ions P, S, end T,
Consider again the infinitesimal space-time volume Bdylt: after a

time T there will be nR on"' -nk, T

1 dydt primary ions remaining, all of
which will be absorbing power at the rate A(mpft) =q E1 TYUmP. The

power ai;sorption at a time T = t +T due to primary ions formed in

an(T,t,y) = naze'T“ye’“k1tq23127/un1P dydt.
Yaking the subsitution T = T - t, the total primary ion power absorp-

tion at the instant T is

Trir ' -nk, T nk T
AP(T) =j f dA,,(T,t,y) =C (1 ~e 1 -nk, Te )/mpk
where C, = Qr %y 2(1 - o’°'“1r)/u¢n .

Note that we assume that an ion, when at resonance, has been absorb-
ing power cince it was formed. Thus therec is no unique reaction constant
k that deseribes its reactivity; rather, the rate of rcaction over an
cnergy range from thermal to that achieved at maximum powér absorption
is sampled., This effect is noticed more in photoionization icr, since
there is no =ourcc rcgion residence time frec of the observing oscillator
as in electron impact icr,

The case of secon-ary ifon power absorption is complicated because

all secondary ions coming from primary ions formed in Bdydt have not been
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absorbing power for the some length of time at resonance. Using the

following diagrar to define times, consider the nR;c-trnydydt primary
K T A
dt dt’

Y =t = =t =T =
Trapping t
Voltage

_Vt - |

K T % T |

ions formed in PAydt. The rate of formation of secondary ions at a time

t* later is 4S7(t')/4t" = nk,PT(£"). Thus in the infinitesimsl time dt!
- - .'

there are dS'(t') = nk, (n’.‘(;e ¢nydydt)e Rl g secondary ions formed.

At a time T later, there are dS+(t')e_nk2’c secondary ions remaining;

thev have been absorbing power for a time T, The instantaneous wer
P

absorption of an ion 2t T =t + t*' +%T is A(n.,T) = quIZT/bzmS. The

in 4t' coming from primary ions formed in dt is

-nk1 A nk.T

r - 1 2 -
dAS(T,t',t,y) = nkl(nR;e o.r“/dydt)c dt'(q2E1 t'/I-Lms)e 27,

The total instantaneous power absorption of all secondary ions at T is

T, T-t 1.
AS(T) =jf f dAs(‘I‘,t',t,y)
0J0 0
cl

k %
-nk, T 1 1 -nk.T
)2 {1-0 1 +-1,—'[2-—k-2-X(e 2 -1)

2

ms(k1 -k, .
- --1-(1' -k )nTe—nk?.T } .
ky 1 2
The tertisry ion power ahsorption is somevhat easier to derive.

From the nRgc-q.nydyr}t primiry ions formed in Zdydt, the rate of tertisry

ion formation a time t' latcr is ATT(t')/dt* = nk,S*(t'), and in the
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interval At' there arc AT (3') = nkZS+(t')dt' tertiary ions formed. For
an unrecactive tertinry ion,’all of these ions will be absorbing power at
the came rate, A(mT,T), at a time T later., So the instantaneous power
absorption of tertiary ions at T =1t + t' +T, formed in dt* from primary
ions formed in PAydt, is

dAT(T.t.t',y) = nk, (nR o nydydt)-———--y( niott c-nklt')q2E1217umT.

The total instantaneous power absorption from all tertiary ions at T is

T-t
AT('I‘) jj fdA(Ttt,y)

-_?_-—-_-7 1 { 1(nk T) kZT + 1 - nsz}
mplky - = I kz» )
2 {10 m? - ™17 41 i 7}

1
The case of a rcactive tertiary ion is not genersally considered, since

it is usuvally difficult to detect usefully any terniary products, due

to decreasing resolution at higher pressures and the usually large mass
nurber involved,

In photoionization icr, the instantaheous power absorption depends on

T, the time the trapping Qoltage has been positive. In electron impact
icr, where ions arc drifted from the source to the analyzer region, the
inst~ntancous power absoruytion reaches a steady value afteor the first ion
crosses the resonance region. %hen the magnetic field is swept to bring
the cyclotron frequency of each ion into resonance with the fixed fre-
quency rf obscrving oscillator, each ion will have a different drift
velocity at its resonance magnctic field, and hence a diffcrent residence

time in the analyzer region. Thus, in electron impact icr, the power

absorption expressions contain exponcntials that depend on the ion mass,



(i1) PDectector Output

The time varying output of the marginal oscillator detection system
is not reccorded directly, but is fed through a phase sensitive detector
tuncd to the trapping voltage modulation frequency. The output of the
phasc sensitive detector is the integral of the instantaneous power
absorption fromT =0 to T = To. The detector output for primary,

secondary, and tertiary ions is

I

C
IP = 1 {Ze—nleO -2+ nk,T 4+ nk 7T e-nkirc} H
13 . 1%o 170
(mpmcl )
C
I. = L nk,T, + e 10 - 1
S o m n(k, - k )Zk 17e
S 1 2 1

k vk k

1(, 1)[ 1 1 -nk T}
+ =2 - =])]= - nk,T. - = ¢™2%

k2 k2 £y 170 k2
2

k, “(k, - k,)
1 1 2r nk,T -nk,T

+ N 3 \?szoe 270 4+ ¢ 7270 - 1}}‘.
2
. 2 3 2
- 4 ! [(nk2T°) b oo L1y o, - o2l '}
T an(kl - kz)k1k2 k22 6 240 >

2 3 2
%, [ (nk,T,) (nk, T)

- = { ek S I T e } .
Ky

Figure 16 is a graph of relative signal intensity as a function of

pressure for typical values of k1 and k2.



Figure 16

(oh)

Theoretical relative single resonance signal intensities
as a function of pressure in photoionization ier. Calculated

for the system

™

+
\ 4

+ N +
L4

S T

10 10

with k, = 3.0 x 10 cmjsec-lmolecult::-'1 and k, = 2.0 x 10”

3

cm sec—lmolecule-i. Comparison with Figure 15 shows that the

ier signal "lags" the true ion concentration,
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Lineshane for the Case of a Mon-reaclive Primary Ton

The previous ealculations were performed for the condition of
resonant power absorption, However, it is also useful to calculate
the frequeney dependent lineshape and to compare it with experiment,
The following derivation treats a non-reactive primary ion,

The kinetic energy of an ion in the x,y plane of the spectrometer,
where the magnetic field is in the -z diréction, under the influence
of an irradiating rf electric field E sin«it, is (33)

1

qulz [ 1 - cos {(wl - uc)t})

L”m(wl - (A')c )2

2
- 3 -
E on(t.) = 2m(vx + v, )

2 . 2
q Ei2 sin {-%(wl - w )t}

2mlesy - wc)z
where t i1s the time the ion has been in the rf electric field. The
initial position, velocity, and phase difference between the ion's cyclo-
tron motion and the rf electric field have been neglected, as they will

average out to zero, The power absorption is the time derivative of the

Kinetic energy:
2.2
q E1 sm[(ul -uc)t)
'+m((.:1 -uc)

A(m,t) = dEion(t)/dt =

The total instantsneous power absorption arising from all prir"nary

ions after the trapping voltapge has been positive for a time T is

2 »
A+(T,Qc) J ‘JA q "‘1 fn e"ﬁ'w sln{((.,l —uc)(T - t)}
0 0
?

d
l&m (‘Jl - W, ) dydt

(1 - -on1r> sin {1@1 - )T}
2¢n1

(“)1 - Qc)z
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The detector output is the time integral of the instantaneous power
absorption over the time the trapping plate is positive, Tg:

o“g,°RE (1 - "% Mr) [© - @)1 - sinfl, -« )To}l
Lo mn @ - )2

+
IH(Ty,) =

As the magnetic field is swept to bring each ilon into resonance with the
fixed observing ficld, it is W, = gH/mc that varies,
At resonance, W, =, and the power absorption of an individual

ion reduced to A(m,t) = qZE 2t/lm. The detector output is then

1, 2 2 o-ny
I (To. 1 J j j (T - t) dydtdT

-onl 3
E1 RO (1 -c¢ r) T,

Lomn 6 °
This is the limit of the fullcoc-dependent signal intensity at W, =W

If we let z = @ul - “E)To’ the half-width at half-height, 091 - g%)%,
is found from the solution of the equation

z - sin z = z3/12.
This can be solved to yield z = 3.7055%, or @ui - gﬁ)% = 3.70554/Ty. At
a trapping frequency of 100 Hz, or a trapping time of T, = 5 msec, this
would give @ol - u%)% = 741,1 sec-l. For a normal operating frequency
of the marginal oscillator, corresponding to 100‘gauss/amu, where(di is
9.64 x 105 sec—l, and for an ion of mass 30, the peak width at half height
is |
2(H - Hc)% = ZGJE - “ﬁ)é-ncﬁdl = 4,62 gauss,

where Hc is the resonance mapnetic field, in this case, 3 Kgauss,

A graph of the theoretical lineshape is given in Figure 17, where

H = mca%/q has been used as the ordinate. As can be seon, tho lineshape



Figure 17

(57)

Theoretical lineshape for a non-reactive primary ion by
photoionization icr with zero drift potentials and trapping
voltage modulation, Calculated for low pressures where
collisions with neutral molecules occur with lower frequency

than the square wave trapping voltage frequency.
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does not have many prominent features, and it will probahly be impossible
to seée the small detail in the skirt of the curve, A better check on the
experimental agreement with the caleculated lineshape would be varying the
trapping period To and observing the change in half-width; plotting half-
width vs. 1/'I'O should yield a straight line., Specifically, the full peak
width at half height should be

2(H - H )y = 7.68784 x 306 %
2

The half-width is thus also directly proportional to magnetic field.

This calculation yields the residence time limited expression for
the lineshape, with no collisions between ions and neutral molecules,
The effect of collisions interrupting the power absorption of ions (pres-
sure broadening) could be seen by considering an equation of motion with

a factor expressing momentum loss due to ion-neutral collisions,
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