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ABSTRACT

THE STUDY OF COLLISION-INDUCED PHENOMENA

WITH A DEMPSTER~TYPE MASS SPECTROMETER

by Harold H. Harris

In spite of the large number of Dempster-type analyt-

ical mass spectrometers in use, this instrument has not

been used in the study of collision-induced phenomena.

The reason for this is that there is only a small volume

in the spectrometer in which reactions can occur and have

the products appear in the mass spectrum. When the

analyzer pressure is high enough so that a measurable num-

ber of reactions occur, it is also high enough to attenu-

ate the ion beams. Whenever such attenuation exceeds a

few percent, the equations usually used to calculate the

reaction cross sections are not valid.

In the present work, new equations are developed for

use in the measurement of both total collision cross sec-

tions and reaction cross sections in a Dempster mass spec-

trometer. Experimental studies are made of the following

reactions, and their reaction cross sections are deter-

mined at 1000 volts ion accelerating potential:
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Ar+2 + Ar —->- Ar+ + Ar+ 0': 3.6x10'l6 cm2

00* + 002 -—-> c“ + o + 002 o a 6.6x10‘17 cm2

N2+ + N2 —-> N+ + N + N2 0- 3.5x10‘17 cm2

N2O+ + N20 —->-No+ + N + N20 0 - 6.3xlo‘17 cm2

co+2 + co -—> c” + (0*) + (co+) as 1.4::10’17 cm2

value of Kuprianov and co-workers (1) of 1.0 x lO-r7cm?

the reaction

co++co——>c++o+co

used for calibration.

In addition,

following systems were determined:

00" in co 16OT . 2.leO- cm

0+ in CO CIT - 5.0xlO"17 cm2

0" in co GT . 1.8xlo'l6 cm2

Ar+ in Ar (yT - 2.2)(10-15 cm2

Ar+2 in Ar (IT - 1.2xlO-15 cm2

REFERENCE

8. Kuprianov, M. Tikhomirov, V. Potapov, and

P. Karpova, Soviet Physics-JETP, fig, 569 (1956).

the total collision cross sections for
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I. INTRODUCTION

Despite the fact that the Dempster, or 1800 deflection,

mass spectrometer is very common in analytical mass spec-

trometry, it has not been applied to the study of collision-

induced phenomena. There are two reasons for this. First,

since both the ion source and the analyzer are inside the

magnetic field, it is comparatively difficult to achieve

differential pumping. Second, the effective collision

volume is both small and unknown. Its small size means

that, at pressures high enough for collisional phenomena to

occur in measurable amounts, the ion beam loses a large

fraction of its intensity due to collisions with molecules.

Under these conditions, the approximations which are usually

made in order to interpret the results are no longer valid.

The purpose of this work is to show that meaningful

interpretations of collisional phenomena occurring in a

1800 spectrometer may be made. Several collision-induced

bands have been studied, and the results are comparable to

measurements obtained by other means. Scrupulous attention

has been given to the measurement of the pressure in the

effective collision volume, and the calibration of the

pressure gauge.



Unfortunately, the literature of mass spectrometry is

not consistent concerning the nomenclature used to describe

reactions which occur inside a mass spectrometer. In this

thesis,

1.

the definitions of these terms will be as follows:

secondary process: any process occurring in the

spectrometer which requires a collision.

collision-induced phenomenon: a process which re-

quires a collision in the spectrometer analyzer

tube.

ion—molecule reaction: a process which requires

a collision in the spectrometer ion source.

Aston band: a diffuse peak caused by either a

metastable transition or a collision-induced

reaction.



II. HISTORICAL

The first mass spectrometer (1,2) was built by the

Nobel laureate, F. W. Aston. Ions were produced by a gas-

eous discharge and separated into a homogeneous energy beam

by deflection in an electrostatic field. Then a magnetic

analyzer was used to further differentiate them according

to their mass-to-charge ratio (m/q). The resolved ion beams

darkened the photographic film used for a detector. Almost

all of the ions fell on narrow lines, corresponding to the

mass-to-charge ratios of the stable isotopes of the gas in

the discharge tube.

When the vacuum in the instrument was allowed to

deteriorate, diffuse bands were sometimes observed in the

spectra (1,2). Although he did not study these bands in

detail, Aston recognized their probable origin as being ions

which change their mass-to-charge ratio during a collision

with a molecule, after electrostatic deflection, but before

magnetic analysis.

Aston observed a band at m/q 5.2 in the spectrum of

carbon monoxide, and at m/q 0.5 in the hydrogen spectrum.

He showed that the particle giving the 0.5 peak was a pro-

ton, arising from the dissociation of H2+ after it leaves

the electric field (2). The explanation of the band at
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m/q 5.2 in CO was also given by Aston, as being the dissoci-

ation of 00+ to give 0* and o. If the kinetic energy of

the CO+ ion is partitioned between the fragments according

to their masses, he reasoned that the resultant band should

appear at m/q 5.14 since the C+ ion would carry 3/7 of the

energy of a primary carbon ion, with mass 12.

A subsequent observation of the band by Bainbridge and

Jordan (3) in their double-focusing instrument gave an m/q

of 5.1A51;0.002, in agreement with theory. Although there

are several ways of achieving double-focusing, a typical

double-focusing instrument first separates the ion beam

electrostatically, according to velocity, and then mag—

netically, according to mass. The increased resolution of

the arrangement makes more accurate mass determinations

possible, and collision-induced bands appear sharper, fur-

ther facilitating accurate determination of the apparent

mass of Aston bands. Mattauch and Lichtblau (4) studied

about 30 bands with their double—focusing spectrometer.

Another of the early experimenters was Smyth (5,6),

who observed secondary processes with a mass spectrometer.

He studied the H3+ ion in the high pressure spectrum of

.hydrogen, and he also observed the bands produced by nitro-

tgen.

An ion of mass ml and charge ql accelerated through a

potential V will possess a kinetic energy given by

1

(l) ‘2'le 3" qlv



where v is the velocity of the ion. If the ion then dis-

sociates to produce a new ion of mass m2 and charge Q2, the

kinetic energy of the second ion will be

(2) T = firnev2 == (n12/ml)qlV

assuming that the kinetic energy lost or gained during the

dissociation process is small compared to the kinetic energy

possessed by the first ion.

The radius of curvature of an ion in the magnetic field

H is

m “(a-t) (mt
where c is the velocity of light, q is the charge of the

ion, and m is its mass. Using equation (3), we find the

radius of the second, or "daughter”, ion to be

2vq *3 mgt

(4) “‘75 In“
H q2 1

This is the same radius as that traversed by a primary ion

of mass-to-charge ratio (m/q)*. where

(5) (m/Y‘ {—7—7—(m2/q2)?
q 3 "‘1 ql

This equation was first derived by Dempster (7) and is

widely used in the prediction of the positions of Aston

bands. Although it is very useful, equation (5) does not

determine the origin of an observed peak, since there is

§

only one observable, (m/Q) .



Hipple and co-workers (8,9,10) were the first to

recognize that the diffuse peaks in the mass spectra of

hydrocarbons were due to ions which spontaneously dissoci-

ate between the electrostatic field and the magnetic

analyzer. Hipple also showed that in the Dempster, or 1800

deflection, spectrometer (the type used in this study) the

bands produced by these "metastable“ ions occur at the same

position they do in sector-field instruments (10). In addi-

tion, Hipple’s spectrometer (9,10) was equipped with a means

of measuring the energy of the ions causing a metastable

peak. This was accomplished by varying the potential of

the analyzer with respect to the final slit. The fraction

of the original accelerating energy possessed by the frag—

ment ions was obtained by varying the analyzer potential

until the metastable peak disappeared. Then, from

equation (2),

m2/q2 V2

‘6) 6751‘s

where ml and m2 are the initial and fragment masses, q1 and

q2 are their charges, respectively, V1 is the accelerating

potential, and V2 is the retarding potential. This system

provides a second equation for Aston bands, and makes the

determination of their origins unambiguous. Variations of

Hipple's experimental apparatus have been widely used in the

study of both metastable ions and collision-induced

Phenomena.



Henglein and Ewald used a "parabolic" mass spectrometer

(invented by Eisenhut and Schutze (11.12)) to study colli-

sional dissociation of both positive and negative ions from

a number of gases, including ethylene, carbon dioxide,

hydrogen, methane, water, propane, nitrogen, and several

isotopically labeled analogs of these substances (l3,lh).

Their apparatus consisted of an ion source where the ions

were formed by electron impact and accelerated electrosta-

tically, a collision chamber which was maintained at high

pressure, an analyzer which consisted of colinear magnetic

and electrostatic fields, and a photographic plate detector.

The ions in the beam leaving the collision chamber were de-

flected by the magnetic field, in a direction perpendicular

to their direction of motion, and perpendicular to the

field. The magnitude of the deflection was dependent on the

mass of the ions, as in the usual magnetic analysis spec-

trometer. The electrostatic field deflected the ions per—

pendicular to their direction of motion, but parallel to the

field, and separated them according to their energy. The

result was a set of spots on the film, the vertical position

giving the relative energies of the product ions producing

the darkening, and the horizontal position their mass-to-

charge ratio.

Probably the most detailed studies of Aston bands have

been carried out in the laboratory of C. E. Melton, with a

sector-type magnetic spectrometer specially designed for the



purpose (15). The source and the analyzer are completely

separated, except for the narrow slit which allows the ion

beam to enter the analyzer. A separate vacuum system pumps

each side of the slit. This apparatus allows the pressure

in the analyzer to be varied by two orders of magnitude

without seriously changing the source conditions. Because

of this almost complete separation of source and analyzer,

Melton was able to study the collision of ions of one gas

on the molecules of another. He measured the reaction cross

sections for the dissociation of carbon monoxide molecular

ions in collision with a variety of simple gases (16), as a

function of electron energy and as a function of ion kinetic

energy. These results showed that the singly charged

molecular ion converts its kinetic energy into vibrational

energy when dissociating, while the doubly charged molecular

ion converts its electronic energy into vibrational energy.

Melton also reported a number of collision-induced dissoci—

ations in the mass spectra of acetylene (l7), methane (18),

n-butane and i-butane (19), and formic and deuteroformic

acid (20).

Larkin Kerwin and co-workers have used a sector-type

magnetic spectrometer (21) to study phosphorus (22) and

oxygen (23). In addition, they have published a review of

techniques useful in the study of collision processes in a

mass spectrometer (2A).



There have been several modern reinvestigations of

bands studied qualitatively by the early mass spectrome-

trists, including the band at 0.5 in hydrogen (25,26), the

bands in n-butane (27), and in methane (28).

An interesting unresolved controversy appears in the

literature concerning the mass spectrum of nitrous oxide.

Begun and Landau (29,30) have evidence for some metastable

contribution to the band at 20.45 mass units, corresponding

to the transition:

(7) N2O++M—->NO++O+M

Friedman and Irsa (31) have also examined the band, and

found no evidence for any metastable contribution. The

band was also observed in the present work, and it will be

discussed again later.

A photoionization source provides reactant ions with a

well—defined energy. Experiments performed with such an ion

source can therefore yield more detailed information about

the excited states of the reactant ion than the usual elec-

tron impact source instrument. Excited states may be of

importance to collision reactions. Some experiments using

such a source have been done by Chupka and Refaey (32).

Perhaps the most powerful tool available for the study

of ion collision phenomena is the tandem mass spectrometer.

This device consists of two spectrometers, the mass-analyzed

ion beam of the first being used to bombard molecules and



lO

produce secondary ions in the source of the second spec-

trometer. Such a system has been used by Lindholm (33-35),

Fedorenko (36), Rourke and co-workers (37), and Abbe and

Adloff (38-u0), among others.

Since collision bands may occur whenever the instrument

pressure is high, they often appear in field-emission spec-

trometers (Al).

The same phenomena which give rise to Aston bands in

mass spectrometry may be studied in other ways, which do not

involve mass analysis (42-46). A review of these techniques

has recently been published by Hasted (A7).

Collision-induced phenomena also occur in time-of—

flight spectrometers, and some new instrumentation has been

devised for their detection (48-50). The detection of

neutral fragments is a particularly important advantage of

the time-of-flight analysis method.



III. THEORETICAL

A. Measurement of Total Collision Cross Sections

Consider a parallel beam of positive ions of homogene-

ous velocity passing through a hypothetical gas of solid

spherical molecules. If an ion passes within a distance r

of a molecule, we shall consider a collision to have oc-

curred. The cross-sectional area (IT presented by a mole-

cule is therefore

(8) CT = dIr

If there are N molecules of the gas per cubic centimeter,

the probability that an ion will collide while moving a

small distance cfx cm through the gas will be N0idx. If

we presume that any such collision removes an ion from the

beam (or if we define a "collision" as an interaction that

removes an ion from the beam), the amount of beam intensity

lost in traversing a distance cfx, after starting with an

intensity I will be:
0

(9) (TI - NOTIO x

0n integration, we find the intensity after moving a dis-

tance L through the gas to be (51):

11



I2

(10) I .. Ioexp(-No;I.L)

where (IT is called the total cross section for collision

of the ion in the beam with molecules of the gas.

Applying equation (10) to a Dempster-type mass spec-

trometer, shown in Figure l, the ion current measured at

the collector is given by

(11) I - lidimexn-9,N,oTl)exp(~i2NQoT2)exp(-93~3o-T3>

where i is the electron beam intensity,,Q is the length of

the electron beam (cm), Q1 is the cross section for ioniza—

tion (cm2), N is the source pressure (molecules/cm3), 7)
l

is a term that includes the ion collection efficiency and

also takes into account ions which collide with the slit

edges,fl1 is the distance (cm) from the electron beam to the

first slit, is the average total collision cross section

“I:
(cme) for ions in the source, 22 is the distance (cm) be-

tween the accelerating electrodes, N2 is the pressure

(molecules/cm3) between the accelerating electrodes,o':T2 is

the average total collision cross section (cmz) for ions be-

tween the accelerating electrodes, ,€3 is the distance (cm)

from the second accelerating electrode to the collector, N3

is the pressure (molecules/cm3) in the analyzer, and<3i3

is the total collision cross section (cmz) for ions in the

analyzer. The total collision cross sections,<3&1, 0E2,

and<3' are not identical because they are dependent on

T3
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energy (46), and the ions have different energies in the

various portions of the spectrometer. The energy dependence

of the total collision cross sections is also the reason for

the use of the adjective "average" in the definitions of

Oil andCTTq, since the ions are undergoing acceleration in

the source: (7% is better described as

ave

( > 1 L12 (j z -¢;[
rave L o UT(T)d)?

where L is the distance the ions are accelerated, T is the

ion kinetic energy, and ,6 is the distance the ion has

traveled from the first electrode. T is given by

(13) T . T + qu
0

where T0 is the kinetic energy possessed by the ion as it

enters the accelerating area, B is the field between the

electrodes, and q is the charge on the ion.

Since )(1 +92 is much smaller than93, equation (11)

may be approximated, to good accuracy, as

(14) I = iQQiNNf?exp(-(BN3GT3

If the pressure in the spectrometer is uniform,

(15) N = N

Under these conditions, the maximum intensity occurs when

(16) §fi=o=1Qq1Nq(..393qT)exp( m?301.3) + ilqmexp(-NP30T3)
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Solving (16) gives

1

(17) OT ”W-

3 3

This provides a convenient determination of the total

collision cross section of an ion with its parent gas. Only

the analyzer dimension 93 and the instrument pressure is

required, with no standardization with an external system

necessary.

B. Measurement of Reaction Cross Sections

The measured ion intensity for ions in an Aston band

caused by the reaction

(18) A+ + M«——>--B+ + c + M

may be derived in much the same way we found the intensity

of a primary ion, in equation (11). Consider as before a

parallel beam of positive ions of homogeneous velocity

passing through a gas. In the derivation of equation (11),

we considered collisions only as processes which remove

ions from the original beam. In fact, there may be several

processes which can "destroy“ the ions. For instance, they

may dissociate, they may exchange charge with the gas

molecules, they may abstract a portion of the gas molecules,

or they may simply be scattered out of the beam. Each of

these processes has a characteristic cross section 01.
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Clearly,

(19) OT =i<71
13‘

The number of particles of the product of reaction 1 pro-

duced will be given by

(20) I = Io[l - exp(-,QO‘1N)]
i

where I is the intensity of the beam of product ions, IO

1

is the reactant ion beam intensity,.Q is the length of the

reaction chamber,(ji is the cross section for reaction,

and N is the pressure. Coggeshall (52) has shown that reac-

tions that contribute to an Aston band in a Dempster-type

mass spectrometer must occur in a small volume near the

entrance to the analyzer (see also Appendix 2). Using

Coggeshall's result and equations (10) and (20), we may

write down the intensity of the Aston band caused by

reaction (18) occurring in a 1800 deflection instrument as

(21) I =ng N exp(-RNo )eXP(-)(N0’ )AB 1A 173 1 1 TIA 2 2 T2A

X [l "’ exP(-94NuO-AB)]exP(-23N3OTBB)

where I is the intensity of the band, and the other sym—
AB

bols are as in equation (11), with the subscripts A and B

indicating that the constant in question is for the reac-

tant ion A+ or the product ion B+, respectively. .24 is
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the effective length of the reaction chamber, and CAB is

the reaction cross section (cm2).

Normally, the product ion B+ may be formed as a pri-

mary ion in the electron beam as well as by the collision—

induced reaction. The ratio of the intensities measured

for the Aston band and for the primary ion which is the

product of the reaction is

I

(22) 513—- A ‘11 exp(‘fiNio'r )exp('92N2<TT )
B 1B as

exp(- 1Ni0&1A)exp(-£2N2O&2A)[1-’6XP(-QQNQORB)]

assuming that the collection efficiency for the secondary

ion B+ is the same as for the primary ion B+. In order for

the term exp(-Q§N3O& ) to cancel, it must be assumed that

(3T3B is not a strong3?unction of energy. For the energy

range of ions in the usual mass spectrometer, this is

probably a good assumption (53).

If the pressure is kept low enough so that only a few

percent of the ion beam intensity is lost before the beam

enters the analyzer, the first two exponential factors in

the numerator will be near unity, as will the two in the

denominator. Therefore their ratio will also be near

unity, and they will cancel one another. (We can expect

this not to be the case only when the pressure is very high

or if one of the total collision cross sections is very

large). Then
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IAB QiB

(23) l - Tg—.§:— a exp(-QuNuCQB)

A

or

I i

(2“) 1n( - 'fg-B- 6—12 = -Q4Nl40-AB

A

Using the relationship

2 3

(25) ln(l - x) a —x -‘3— -‘§— - ... (x (:1)

and taking Just the first term,

I Qi
AB B

Q1

The ratio Q—E-is obtained from the low pressure mass spec-

1A

trum of the gas being studied. N4 is the measured pressure

in the collision volume. .94 is unknown and has not been

adequately estimated theoretically (see Appendix 2). In

the present study, 94 was obtained by measuring each of the

terms in equation (26) except CAB and Q“, then using the

value of the reaction cross section CV for a reaction
AB

studied by Kuprianov and co-workers (54),,94 was determined.

It is of interest to compare the approximations made in

the present development with those required by other theo-

retical treatments of collisional phenomena in mass spec-

trometry. Most of the quantitative data published to date

have been presented as a graph of IAB/N4 vs. pressure,
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where the pressure is often approximated by the peak height

of an arbitrary primary ion. The development of the theory

leading to this treatment of the data is given by McGowan

and Kerwin (24) and by Melton (55). McGowan and Kerwin

start with the equation (using their notation)

(27) n = noexp(-OTLPQ)

where n is the number of parent ions that remain after the

original number no have traversed a path length of 2cm, CT

is the total cross section for loss of parents in cm2 , L is

the density of molecules per mm Hg pressure at 0°C, and

p is the pressure in mm Hg. They expand the exponential

in (27) as a power series and assume that the loss of

parents is only a few percent. Then, using Just the first

term of the series and defining nf = nO — n, they find

(28) a} = nf/anQ

where O} is the cross section for the production of a par-

ticular product (0‘f corresponds to 01 in equations (19)

and (20) of the present work). If nf/n is plotted vs.

pressure, the result should be a straight line through the

origin, with slope 0}QL. Metastable contributions to the

band would displace the intercept up from the origin.

Melton's development is similar, but it is confused by his

use of the symbol (T as both a total collision cross sec-

tion and as a reaction cross section. Both of these
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derivations require that the collection efficiencies of

the primary and secondary ions be equal, and that only a

few percent of the original beam intensity is lost while

traversing the spectrometer.

In contrast, the theory given here requires only that

the ion beam attenuation in the source be small, that the

intensity of the band being measured be much smaller than

the intensity of the product primary ion peak, that the

primary and secondary ion collection efficiencies be equal

for the product ion, and that the total collision cross

section for the product ion not be a strong function of

kinetic energy. Since the source length is typically one

to two orders of magnitude smaller than the total length

of the ion path, one can expect linear graphs even when the

pressure in the instrument is very high.

The treatment of Ackerman and co-workers (56) begins

with the equation

(29) I+ = i’Psipgnexp(-pTQ,L) = pTSexp(-pTQaL)

where i' is the electron beam intensity, Y its length,

Q1 the ionization cross section, ps is the pressure in the

source, and‘? is the ion collection efficiency; Qa is the

total collision cross section, pT is the analyzer pressure,

and L is the effective length of the tube; 8 is defined by

equation (29). At low electron beam intensities, equation

(29) accurately represents the results and permits one to
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determine Qa and S. The intensity of an Aston band is

given by Ackerman and co-workers as

(30) 1+, = pTS[1 - exp(-pTQa'L')lflf2

where Qa' is the cross section for the individual process

causing the band, L. is the effective length of the reac-

tion volume, fl takes account of the absorption of secondary

ions, and f2 is the secondary ion collection efficiency.

At low pressures, fl = 1. Thus a plot of log I vs. log pT

is, at low pressures, a straight line with slope 2 and

whose intercept yields Qa'fe.

Here again we find the necessity of working at pres-

sures low enough so that there is not much loss of secondary

ions in the analyzer. Also, their derivation does not

allow for varying ratios of source to analyzer pressures,

and metastable contributions to the band are not apparent.



IV. EXPERIMENTAL

This study was performed on a Consolidated Electro—

dynamics Corporation Model 21-1030, 180 degree magnetic

deflection mass spectrometer. The instrument has been modi-

fied so that a battery power supply can be used to provide

the electron accelerating potential when electron energies

above 100 volts are desired. Another minor modification

allowed ionization efficiency curves (ion current versus

electron energy) to be drawn directly with an X—Y recorder.

A Honeywell Corporation Model 1508 direct-printing oscillo-

graph was used to record the ion currents. The ultimate

vacuum obtainable in the system was approximately 10'7 mm

Hg.

The gas to be studied could be introduced either

through a gold foil leak into the source, or from an auxil-

iary vacuum system, whose connection to the spectrometer was

on the glass line which connects the analyzer tube to the

mass spectrometer vacuum pumps (see Figure 2). When an ex-

periment was to be performed, the magnetic valve which iso-

lates the analyzer from the instrument's cold traps was

closed. The valve did not make a positive seal, however,

and after a sample of gas had been introduced, the mass

22
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spectrometer vacuum pumps could very slowly reduce the

pressure in the analyzer to about 10'5 mm Hg, depending on

the gas.

During the determination of a particular reaction cross

section, the magnetic field was adjusted so that the Aston

band was focused at 1000 volts accelerating potential, with

a repeller electrode potential of 15 volts. The ionizing

current was set at SO/LA, and the band intensity was mea-

sured as a function of analyzer pressure. Then the magnetic

field was reset so that the corresponding primary ion peak

was focused atQ—g. E—EQUOOO) volts, and this peak was studied

as a function of pressure. The ratio of these two curves

yields the reaction cross section, according to equation

(26).

All pressure measurements were made with a VG-lA ioni-

zation gauge, calibrated for each gas against an H. S.

Martin 00. type M23922A McLeod gauge which was cooled in

ice in order to eliminate the Ishii-Nakayama pumping error

(57-60).

The cold trap between the McLeod gauge and the system

serves to prevent mercury vapor from reaching the ionization

gauge and causing erroneous measurements. There is a con-

stant stream of mercury molecules passing from the gauge to

the trap, and collecting there. Gas molecules in the system

colliding with these mercury molecules tend to be swept away

from the McLeod gauge, and the gauge pressure is thus
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artificially lowered. Although the pumping effect may be

avoided merely by cooling the mercury reservoir, and then

closing the stopcock at the top of the gauge while the mer-

cury rises to the capillaries (61), this method leaves room

for some question as to the gauge temperature to be used in

correcting for the effects of thermal transpiration and mer-

cury density change (62). With Just the bottom of the gauge

in the ice bath, it was found that the mercury temperature

could reach as much as 15°C by the time the gauge was full

of liquid.

The apparatus used is shown in Figure 3. The McLeod

gauge head was completely surrounded by ice, and the mercury

reservoir was kept at 0°C by the ice—water bath. The system

was allowed to cool for several hours before measurements

were made. Ice was prevented from obscuring the Operator's

view of the capillaries by small plastic shields which ex-

tend from the viewing port to the gauge. The capillaries

were tapped with a glass rod which fits through a hole in

the plastic ice container near the viewing port. Measure-

ments of the temperature of the glass tubing containing

mercury during a pressure measurement indicate that the

mercury temperature never rises above 1°C. No mirror of

mercury was visible in the cold trap even after many hours

of operation.

The gases used in this study were obtained from The

Matheson Company. The carbon monoxide was C. P. grade, the
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carbon dioxide was instrument grade, and the argon was pre—

purified grade. These three gases were used without further

purification. The nitrous oxide was 98.0% pure grade. The

mass spectrum of the gas as it came from the tank indicated

that it was about 2% nitrogen, so the samples used in the

study were further purified by freezing them in liquid

nitrogen and pumping off the nitrogen gas. The mass spec—

trum of the compound after this purification step is that

given below. The nitrogen gas was high-purity grade and

was passed through a purification train consisting of Fieser

solution, lead acetate solution, sulfuric acid, calcium

chloride, sodium hydroxide, and Drierite. The mass spectra

of all of the gases are given below. Spectra compiled by

the American Petroleum Institute (63) are listed for com-

parison.
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TABLE 1

Mass Spectra of the Gases

 

 

 

 

 

 

 

Argon

API (63) Spectrum

Mass No. This Work No. 1586

18 (H20) 0.10 -

20 14.32 12.9

28 (N2; 0.27 ’

32 02 0.98 -

36 0.37 0.32

38 0.07 0.05

40 100.0 100.0

Carbon Dioxide

API Spectrum

N0. 157

12 14.1 6.67

13 0.15 0.09

16 17.1 9.40

22 2.62 -

28 5.03 8.17

29 0.05 0.10

44 100.0 100.0

45 1.25 -

46 0.42 -

Carbon Monoxide

API Spectrum

No. 156

12 6.72 4.71

13 0.068 0.05

14 0.797 0.75

16 3.17 1.67

28 100.0 100.0

29 1.15 1.16

30 0.22 0.22

32 (02) 0.102 -
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TABLE 1 (Continued)

 

   

Nitrogen

API Spectrum

Mass No. This Work No. 1595

14 13.9 5.18

16 0) 0.12 -

17 OH) 0.30 -

18 H20) 0.9a -

28 100.0 100.0

29 0.755 0.73

Nitrous Oxide
 

API Spectrum

 

No. 96

14 12.0 9.

15 0.084 -

16 4.07 2.

18 0.087 -

28 11.6 - ?

29 0.10 -

30 28.9 27.8

44 100.0 100.0

45 0.80 0.7

46 0.17 0.2



V. RESULTS

A. Carbon Monoxide

The carbon monoxide system is the most important of

those studied in the present work because the reaction

(31) 00+ + 00 ——+~c+ + 0 + 00

was used in conJunction with a literature value for the

reaction cross section to determine the effective length

94 of the collision volume. This instrumental parameter

was used in the computation of all the other cross sections

from the experimental data. The reaction (31) was chosen

for the calibration because it has a large cross section

and because the absolute cross section has previously been

measured.

Figures 4, 5 and 6 represent the variation with pres-

sure of three of the primary ions in carbon monoxide. In

agreement with equation (11), and typical of the primary

ions, they contain a linear increase with pressure where

the pressure is low, and an exponential decrease from this

behavior when the pressure is high. Application of equa-

tion (17) yields the total collision cross sections for

+ + 16
00 , 0 , and 0+ in 00 as 2.4 x 10' , 5 x 10‘17, and

30



31

1.8 x 10"16 cm2, respectively. There are no values in the

literature with which to compare these results.

Figures 7 and 9 display the behavior of typical colli-

sion peaks. As is predicted by equation (21), the intensity

increases with the square of the pressure at low pressure

and decreases exponentially with pressure when the pressure

is high. The low pressure dependence is not as clearly

recognizable as it is in the case of primary ions, because,

when the pressure is high enough to cause a measurable num-

ber of reactions, the attenuation of the ion beam in the

analyzer is considerable.

Figure 8 (circled points) was used for the determina-

tion of the length Q4. The slope of this graph is 3.00 mm‘l,

and using the low pressure mass spectrum of carbon monoxide

(Table 1) and the cross section of Kuprianov gt 31. (54)

of l x 10"17 cm2, this yields a value for 44 of 0.568 cm.

Therefore Q4 is only 1.42% of 93, in agreement with hypo—

thesis.

It was on this basis that the value of Kuprianov 32

a1. (54) was chosen instead of the alternate measurement of

2 x 10-18 cm2 by Melton and Wells (16). The latter value

leads to 94 - 2.84 cm. Such a large effective collision

volume violates the assumption that 24 is small compared

to 93, which is implicit in equation (21). This in turn

would cause deviations from linear behavior in the graphs

of the ratio of the Aston band intensity to the correspondhu;
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primary product ion (Figures 8, 10, 14, 17, 20 and 23).

These deviations were not observed. The rough calculation

of .6“ in Appendix 2 also would preclude such a large value.

It should be realized that the reaction cross sections re-

ported in the present work are relative to the value chosen

for the calibration reaction.

In order to test whether the analyzer was at pressure

equilibrium, and therefore whether the ionization pressure

gauge reading was meaningful, the same band was restudied

using the conventional gas inlet system. Since the gas

leaks directly into the source chamber when the conven-

tional inlet is used, the measured ion intensities were

systematically higher than when the auxiliary inlet was

used, as can be seen by comparing the "triangle” points in

Figures 6 and 7 with the circled points, which were ob-

tained using the auxiliary inlet. (Through the remainder

of the figures, circled points will indicate data obtained

with use of the auxiliary inlet while points in triangles

were measured using the conventional "gas” inlet.) The

intensity ratio of interest, Figure 8, is not appreciably

changed, however, indicating that the physical position of

the gas inlet was not affecting the pressure in the effec-

tive collision volume. The cross section as measured with

the gas inlet is 8.9 x 10"18 cm2.

The slight increase in ion current which results from

use of the conventional gas inlet was used to advantage in
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measurement of the band at m/e 10.28 resulting from

(32) 00+2 + co-—+» c+ + (0*) + (00*)

The intensities measured with the auxiliary inlet were

slightly low for accurate determination of the reaction

cross section. The results are summarized in Figures 9

and 10. The cross section for reaction (31) is found to be

16
1.39 x 10' cm2, which is considerably larger than the

2 value of Melton and wells (16). The dis-7 x 10"17 cm

crepancy is believed to be a systematic one, resulting from

the use of the value of Kuprianov 33 31. for the calibra-

tion reaction. Their cross sections are five times larger

than those of Melton and Wells. The only other value in

the literature which is pertinent to the present discussion

16 2
is the value of Kuprianov (64) of 2.0 x 10' cm for the

reaction

(33) CO+2 + Ne-—-—>-C+ + 0+ + Ne

This result is very confusing when viewed in light of the

results of Melton and Wells. Melton and Wells studied the

collision-induced dissociation of 00+2 into 0* and 0, with

a series of molecular targets, and showed the cross section

for neon to be over one thousand times smaller than that

for CO. On this basis, we would have to conclude that

Kuprianov would measure a cross section in excess of

2 x 10-13 cm2 for reaction (32)!
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B. Argon

The Aston peak technique can be of use in the measure-

ment of charge transfer cross sections, but it is limited

to reactions in which the ions accelerated in the source

retain at least some of their charge. For instance, the

following reactions could theoretically produce Aston bands:

(34) Ar+2 + Ar ——>- Ar+ + Ar+

(35) Ar"'3 + Ar -—> Ar"'2 + Ar+

(36) Ar+3 + Ar ——+~ Ar+ + Ar+2

+2

(37) Ar + Ar -+> Ar+3 + Ar-

Reactions which neutralize the bombarding ion are not de-

tected because the neutral fragments are not collected. A

search was made for evidence of reactions (35) and (36), but

neither of the corresponding bands was detected, presumably

because of the very small cross section for triple ioniza-

tion of argon (65). Reaction (37) has a very low cross sec-

tion at low energies and is not observed in mass spectrom-

eters (66).

The band produced by reaction (34) appears at m/q 80,

and there is the possibility of interference with the ion

AP2+, which may be produced by collision of an argon ion

with a molecule in the source (67). However, the band dis-

aDpears when the electron energy (uncalibrated) is lowered

below about 50 volts, which is somewhat higher than the ap—

pearance potential of Ar+2 (u3.38 e.v.) but much higher than

.
r
.
S
-
s
‘

‘
r
.
x
r
.
v
.
-
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the appearance potential of Ar+ (15.76 e.v.) (68). An exact

appearance potential measurement was not feasible because of

the low intensity of the Aston band. The band intensity is

also observed to decrease as the electron energy is in-

creased above 130 volts, as does the intensity of the peak

at m/q 20, due to Ar+2.

The present experimental section is the only one not

performed at 70 volts electron energy. It was done at

130 volts in order to maximize the band intensity.

Figures 11 and 12 yield the total collision cross sec-

tion for the doubly and singly charged argon cations. They

are 1.22 x 10'15 and 2.20 x 10'15 cm2, respectively. Cramer

(69) has measured the total collision cross section for Ar+

on Ar to be 4.0 x 10'15 cm2 at an ion energy of 400 e.v.

He found it to consist of a charge transfer cross section

of 2.0 x 10'15 cm2 and an elastic scattering cross section

of 2.0 x 10'15 cm2. Although this value is within a

factor of approximately three of the results of the present

work, even this agreement is largely fortuitous. The

reason for this is the difference in experimental methods.

Cramer's results were obtained using a total charge

collection technique which collected nearly all of the

"slow" ions produced when a beam of argon ions collided

with a sample of argon gas. By contrast, the Aston peak

technique, in measuring the disappearance of charge from

the original beam, excludes not only ions that are scat-

tered a very small angle out of their normal flight path,

.
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but also those which have lost a small fraction of their

momentum. One would expect the results from two such dif—

ferent methods to differ greatly, but a similar effect can

be operative even when the apparatuses in use are very

similar. A relatively small difference in experimental

parameters could cause a large change in the "resolution" 5""

0f the equipment. By "resolution” is meant the ability of

the apparatus to detect a change in the velocity or momentum

of an ion and register it, therefore, as "scattered." }

Because of the differences in the resolution of various 3 j

instruments, it is a common practice for each investigator

to normalize his results to a commonly accepted value for

the cross section of an easily measured reaction. The lack

of this type of normalization in the comparison of the

values in the present work to values in the literature will

cause the differences between them to sometimes be very

large. In order to avoid some of these difficulties, at

least in the literature of the Aston band technique, it is

here proposed that subsequent results be reported relative

to the cross section for the collision-induced dissociation

reaction (31) of carbon monoxide.

The pressure dependence of the m/q 80 band is displayed

in Figure 13. It exhibits the second-order behavior at low

pressure which is common to all of the collision bands in

the present work. Also of interest is the coincidence of

the lines formed by points measured with the two inlet
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symstems. This is further evidence that the spectrometer

its near pressure equilibrium even when the gas is leaked

lJTtO the source.

The ratio of the Aston band at m/q 80 to the peak at

mph; 40 is plotted in Figure 14. The slope of the straight

Itine, which is independent of the position of the gas inlet,

yixelds a value of 3.56 x 10'16 cm2 for the cross section of

reaction (34). Since all of the experiments in the present

vuark were performed at 1000 volts accelerating potential,

time kinetic energy of the initial (doubly charged) ion is

2000 e.v.

Using the Aston peak technique in a magnetic sector

inass spectrometer, Weiner, Hertel, and Koski (70) measured

the cross section for the partial charge transfer from Ar++

to its parent gas to be 0.6 x 10'16 cm? at 2000 e.v. rising

to 2.0 x 10'16 cm2 at 6000 e.v. Hasted and co—workers (71)

also have measured this cross section, employing a collision

chamber technique and collecting the slow ions produced when

the doubly charged ions pass through the argon gas sample.

However, this method does not discriminate between reaction

(34) and the reaction

(38) Ar+2 + Ar -e>Ar +iAr+2

Since (38) is a resonant process, it is likely that it has

a high cross section at low energy, and this may account

for the high value of 2.4 x 10‘15 t 10% cm2. A later
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urement in the same laboratory (45) was reported, and

his case the results were separated into the contribu-

LB from reactions (34) and (38), and those were found

-16 and 6.6 x 10'16 cm2 i 15%, respectively.be 2.0 x 10

3 sum of the cross section (38) and half of (34) are

1 excellent agreement with the measurement of Flaks and

olov‘ev (72) of 7.8 x 10':L6 cm2. (The reason for summing

the cross sections in this way is that the slow ion collec-

tion method measures the total cross section for charge

production in the target gas, and this amounts to the cross

section for production of dipositive ions plus half of the

cross section for production of simple ions.) It is felt

that the later paper by Hasted and co-workers (45) and the

result of Flake and Solov'ev (72) represent the best ex-

perimental values in the literature for the partial charge

transfer reaction, and although there are a number of other

papers on charge transfer reactions in argon, these will

not be mentioned here. Citations of these papers may be

found in references (45) and (72).
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C. Carbon Dioxide

The 00+ and CO+2 ions produced by the ionization and

fragmentation of carbon dioxide should undergo the same

collision—induced reactions as the same ions produced by

the ionization of carbon monoxide. Therefore, one might

expect all of the Aston bands which appear in the high

pressure mass spectrum of CO to also be found in the

spectrum of 002. However, an examination of the analytical

spectra of these gases (Table 1) shows why some of the

bands are not present. The intensity of an Aston band is

proportional to the abundance of the reactant ion in the

source. The m/q 28 peak in carbon dioxide is only about

3% of the total ionization of the molecule (the sum of the

ion intensities) whereas the same ion accounts for about

90% of the ionization in carbon monoxide. At a given pres—

sure, then, the Aston peaks resulting from the dissociation

of C0+ ions would be about 30 times less intense in 002

than in CO.

The m/q 14 peak, due to CO++ ions is absent from the

spectrum of 002. Such an ion would have to be produced by

the dissociation of the ion 002++. Since the two positive

charges could be separated by the formation of two charged

species, the doubly charged ion is not produced, at least

not in measurable amounts. As a result, the Aston band

at m/q 10.28 which was studied in carbon monoxide, was not

visible in CO2.  
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The m/q 5.14 peak, due to the reaction

(39) 00" + 002——> c+ + 0 + 00
2

was not large enough for study with the auxiliary inlet,

but the use of the gas inlet increased the intensity enough

so that a quantitative measurement was possible. However,

introduction of gas directly into the source causes the

source pressure to be higher than the analyzer pressure,

and therefore one of the conditions (equation 15) used for

the derivation of the expression (equation 17) for the

measurement of total collision cross sections was violated

The development of the theory for the measurement of reac-

tion cross sections does not require that the entire mass

spectrometer be at one pressure, but only that the absorp-

tion of the ion beams in the source be small. Using the

same equations as previously, Figure 17 yields 6.57 X 10-17

2

cm for the cross section of reaction (39).

It will be noticed that there is a non-zero intercept

in Figure 17, indicating a metastable contribution to the

peak. This was the only such behavior observed in the bands

studied, and it is believed to be an artifact, arising from

a systematic error in the calibration of the pressure gauge

of approximately 4 x 10"5 mm Hg. The reason for the neces-

sity of this supposition is the nature of the reactant ion,

00+. Being a simple diatomic ion, it would seem that there

would be no energy levels capable of storing the dissociation
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energy for as long as 10"6 seconds, the approximate time

that the ion spends in the source.

Although there are no previous measurements in the

literature for the cross section of reaction (39), one

might well be surprised to find that this cross section

is more than six times larger than that for the same reac-

tion when carbon monoxide is the target gas. Certainly

the difference in molecular sizes cannot account for this

large difference in cross section. It must be remembered,

however, that the reactant ions in the two cases are not

identical. One of them was produced by the direct electron

impact ionization of carbon monoxide while the other was

the result of the unimolecular dissociation of 002+.

Potapov (73) has shown that such differences in the

preparation of the reactant ions may affect the cross

section for their collision-induced dissociation. He

studied the reaction

(40) 00+ + Ne -—+ 0* + 0 + Ne

and found the cross section to be 1.75 times larger when

the initial ion was produced by dissociation of CO + than
2

when it was produced by the ionization of CO.
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D. Nitrogen

The only Aston band which was detectable in the nitro—

gen system arose at m/Q 7.0 from the reaction

+ +
(141) N2 +N2——>N +N+N2

Since this Aston band coincides with the possible ion N+2,

there was some concern that part of the measured band in-

tensity could be contributed by the doubly charged atomic

ion. Such a contribution would be first order in pressure,

and would appear as a non-zero intercept in the graph

of the ratio of the reaction peak to the product ion peak

(Figure 20). Absence of such a contribution indicates

2
that the N... ion is not interfering with these measure-

ments.

The slope of the straight line in Figure 20 yields a

cross section for reaction (41) of 3.52 x 10'17 cm2.

Although there have been numerous studies of charge-transfer

reactions in nitrogen (40), (70), (74), there apparently

has been no previous study of the collision-induced dis-

sociation of N2+.
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E. Nitrous Oxide

The nitrous oxide system had been studied a number of

times before the present work was begun, but only in a

qualitative manner. In these earlier studies, the pressure

in the collision volume was not measured directly, nor was

the pressure gauge calibrated. Metastable contributions

were reported by Begun and Landau (29), (30), with a spec-

trometer without repeller electrodes, but were denied by

Friedman and Irsa (31). No cross sections were reported.

Although metastable transitions are not common in

triatomic molecules, they have been reported in carbon

dioxide (75) and in H28 (76).

A recent paper by Newton and Sciamanna (77) confirms

the existence of the metastable transition

(42) N20+-——>-NO+ + N

and measures the (unimolecular) half-life to be less than

0.2 x 10'6 sec. Since the residence time in the source for

an ion of m/q 44 is about 4.6 x 10-7 sec at 15 volts

repelling potential in our spectrometer, one might expect

to observe some metastable transitions. However, a single

rate constant does not indicate what portion of the ions

will decompose at this rate. Newton and Sciamanna also

neglected to report the electron energy used in their

study. They could not measure cross sections for the

1
.
4
.
5
.
.
_
_

.
4
.
-
-
-
q
.
;
—
—
_
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collision-induced reaction because the pressure in their

analyzer was not known.

In the present work, no metastable contribution to

the peak at 20.45 was observed (Figure 23), but this should

not be considered a refutation of the work of Newton and

Sciamanna, or of Begun and Landau, since their experimental

conditions may have been much different from those in the

present work.

Since the nitrous oxide system was studied with the

gas inlet exclusively, no measurements of total collision

cross sections are possible, although the intensity of the

+ ion as a function of pressure is presented in Figure

16

NO

21. The slope of Figure 23 yields a value of 1.24 x 10-

cm2 for the reaction

(43) N20+ + N20 -—-+ N0+ + N + N20
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VI. CONCLUSIONS AND SUGGESTIONS FOR

FURTHER WORK

The primary advantage of the technique developed in

this thesis is that quantitative measurements of the cross

sections of collision-induced phenomena may be made without

a specially built mass spectrometer. The required modifi-

cations to an analytical instrument are slight and do not

preclude analytical use of the instrument. The spectrometer

used in the experimental part of the present work was con~

currently used for the analytical mass spectrometer require-

ments of the rest of the chemistry department. Such prac-

tical considerations, while not of scientific moment, often

contribute strongly to the interest in a given field. It

is hoped that many scientists with access to a Dempster—type

analytical spectrometer will be encouraged to undertake

measurements of this kind, knowing that such a project need

not be expensive or elaborate.

A possibly useful bonus to the present method was dis-

covered as the mass spectral data were being reduced. If

the Aston band intensity is divided by the intensity of an

the resultant ratio will

This

ion other than the product ion,

not, in general, be a linear function of pressure.

behavior could be useful in the identification of the

65
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_ origin of an Aston band. If one happened to choose a

“wrong“ ion that had the same total collision cross section

as the product ion, the result would, however, be a straight

line.

An important disadvantage to the technique of studying

Aston bands in a Dempster spectrometer is that, because the

source and the analyzer are both in the magnetic field, it

is difficult to pump them separately. This means that one

cannot study the collision of the ions of one gas on the

molecules of another. It has occurred to the author that

this difficulty could be circumvented by measuring the

bands in a series of mixtures of the two gases and extrapo

lating to the pure gas. Such a procedure would be very

time consuming.

The experimental cross sections reported in the pres-

ent work should not be considered as significant contribu-

tions to the literature of collision-induced dissociations,

but only as examples of the reactions which may easily be

studied using the method developed in the theoretical

section. Since the technique of studying collision-induced

Aston bands in a Dempster spectrometer is established, it

is hoped that these bands will be thoroughly reinvestigated,

as a function of both electron energy and ion energy, in

order to bring to light more of the details of the dissoci-

ation process. It is felt that the collision-induced band

in nitrogen would be particularly fertile, since it has not
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previously been observed and nothing is known about the

mechanism of its formation. An explanation should be found

for the unusually low value for its cross section.

Additional theoretical work should be carried out to

better define the length of the effective collision volume,

both for collision-induced processes and for metastable

transitions. The rudimentary calculations carried out in

Appendix 2 are obviously inadequate, but it is expected

that the recent work of Coggeshall (52) and Newton (78)

will be extended to give a realistic estimate of the dis-

tance an ion can travel into the analyzer before dis-

sociating and still be collected. It is anticipated that

such a realistic estimate will require inclusion of the

effect of the kinetic energy released on dissociation.

In the absence of a complete theoretical treatment of the

size and shape of the collision volume, the dependence of

a?“ on the radii of parent and daughter ions could be

determined by a careful comparison of data obtained with

a Dempster instrument with the results of measurements

from a sector-field spectrometer having a well-defined

collision chamber.

Newton (78) has shown that peak shapes of metastable

transitions can only be explained by assuming that kinetic

energy is released in the reaction. Presumably, these

kinetic energy effects are also present in collision-

induced dissociations, and, in addition, there is the
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probability that kinetic energy is transferred to the

target ion. Since the mass spectrometer is essentially a

momentum selector, these kinetic energy effects tend to

widen the ion beam, and some ions are therefore lost by

collision with slits. Of course, the number of ions lost

is dependent on the size of the kinetic energy effects and

the selectivity of the spectrometer. For this reason, very

different cross section measurements may be obtained with

different instruments. At the present time, neither the

kinetic energy released by the reaction, nor that trans-

ferred to the target ion, is known,so that the effects may

not be taken into account when absolute cross sections are

compared. Fortunately, absolute cross sections are seldom

of importance to the chemist. He is usually more interested

in how the cross section varies with ion accelerating

energy and with electron energy than in its absolute value.

Therefore, although the Dempster spectrometer method shares

the problem of the unknown kinetic energy effect with the

sector-field method, it should not be a bar to its use.



VII. APPENDIX 1

The following pages present the results of the calibra-

tion experiments as described in the Experimental section.

The calibrations of the ion gauge for argon, carbon

monoxide, and nitrogen were performed with the cold trap

cooled with liquid nitrogen. Since carbon dioxide and

nitrous oxide condense at liquid nitrogen temperature, the

trap was cooled in an acetone-dry ice bath for those runs.
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VIII. APPENDIX 2

Coggeshall (52) has analyzed the path of a metastable

ion in a Dempster mass spectrometer, for the purpose of

explaining the peak shapes observed for metastable transi-

tions. Although his analysis did not include kinetic

energy effects, and he therefore did not obtain realistic

peak shapes, his approach may lead to a first approximation

to the length 94 of the effective collision volume for

collision-induced reactions.

Figure 29 pictures the path of an ion in the analyzer

of a Dempster spectrometer. The ion enters through a slit

of width 26: at the top of the figure. After travelling a

distance in the analyzer, the ion may collide with a

molecule and dissociate. When the ion dissociates, its

radius changes from the initial value, R1, to the radius R2

characteristic of the product ion. The center of the cir-

cle described by the initial ion is constrained to the line

between the entrance and exit slits by the fact that the

ions enter perpendicular to this line. It may be seen that

the ion path which leads to the maximum distance of travel

before dissociation is one-in which the ions pass very near

the inside edges of the entrance and exit slits. This is

the path illustrated in Figure 29.
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FIgUl’e 29. Geometric estimation of l4.
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The distance Q4 may be obtained from a simple trigo-

nometric argument. Consider the triangle formed by the

center of the circle described by the initial ion, the exit

slit, and the point where the ion dissociates. Applying the

law of cosines to this triangle, the angle CK is found to be

 

( )Q -l 2125- zllei2 +2Rle +2Rl<f - lilies. - “Ry-+621- d2 + 286] PM

1 8 cos
i

2 i.
2R1 - MR1R2+2R16+ 2R1; J 3

i

The terms 92, J2, and 2m; will be much smaller than any :

i .

others, and may be neglected. Then i“ j

1 21226 + 2326

 (2)q= cos‘ 1 - 2

R -2RR
1 12+R

16 4» R16

Now consider the triangle formed by the center of the cir—

cle of the initial ion, the entrance slit, and the dissoci-

ation point. Application of the law of cosines to this

triangle yields  
4R 32(e+d‘) %

(3) pit = Rll- PR2 +€+6‘
 

It is convenient to measure all of the distances as multi-

ples of the analyzer radius R2 (i,g, R2 ’ l). Neglecting

e and 6‘ compared to R1 and R2,

4R 6 5

(14) 9u= [ $614.2 )]
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The analysis above was based on Rl > 2R2. For Rl< 2R2,

the result is

MM 6‘) “it
(5) Q4=[l€+

2 - R1

 

A singularity occurs when R1 = 2R2. In this case, the

end of the effective collision volume is determined by the

collision of the product ions with the wall of the analyzer.

It is of interest to see what the equations (4) and

(5) predict for the length of the effective collision

volume for the reactions studied in the present work.

These results are tabulated in Table 2. The reaction

N2+———-:>»N+ + N is an example of the singular case, and the

calculated 9“ is determined by collision of the product

ions with the wall of the analyzer. In the instrument used

here, as in Coggeshall's instrument (52), this occurs when

the ions have traversed an arc of 17°, or 3.77 cm.

TABLE 2

Theoretical Q“ for Several Reactions

Reaction 94 (cm)

COQ++M—>C++O++O+M 0.522

CO++M—->C++O+M 1.23

Ar“ + M—>Ar+ + M+- 0.271

N2++M-—=‘>N++N+M 3.77

1120+ + M ——> NO+ + N + M 0.782
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inns approximate nature of the above analysis should be

emphasized. We have estimated the maximum distance that a

reactant ion could penetrate the analyzer. In all cases

except R1 = 2R2, this maximum penetration is achieved by

an ion which passes very near the slits, and the collision

volume for an average ion would be much smaller. For in-
’Wah_

stance, if the collision volume is triangular, the average ;

length £h would be only half of the value calculated above. i

An analysis of the shape of the collision volume would be E

very difficult and would probably require computer calcula- g jJ

tion. ‘7!

A second criticism of the analysis above is that the

kinetic energy released in the dissociation was not con-

sidered. A semi-empirical study of metastable peak shapes

by Newton (78) has shown that this parameter must be in-

cluded in such an analysis. It would be expected to be of

even greater importance in collision—induced reactions,

since kinetic energy may be transferred to the target

molecule.

Until the trajectories of ions undergoing reaction in  
a spectrometer are better understood, it is felt that the

method of calibration employed in the present work is the

best approximation.
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