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In einer anderen Arbeit® wurde 9,20 eV gefunden.
Besondere Sorgfalt wurde weiter auf die Bestim-
mung der IP von CgH, und C4H, verwandt, die be-
sonderes Interesse beanspruchen konnen. Fiir CgH,
ergab sich als Mittelwert aus 18 Messungen aus 8
verschiedenen aromatischen Molekiilen:

9,501+0,15 eV

und fiir CgH, als Mittelwert aus 6 Messungen an
3 verschiedenen Molekiilen:

9,851+0,15 €V.
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Abb. 1 zeigt die MeBkurven fiir die IP von C¢Hj
und C4H,, die durch Elektronensto} aus Antimon-
triphenyl gebildet wurden.

Herrn Prof. W. PauL, der diese Arbeit zu jeder Zeit
unterstiitzt und gefordert hat, danken wir fiir anregende
Diskussionen.

Dem Landesamt fiir Forschung des Landes Nord-
rhein-Westfalen schulden wir Dank fiir finanzielle Un-
terstiitzung.
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The effect on the shape of “metastable peaks” arising from decompositions throughout the
whole flight path in a mass spectrometer is considered. The effects of discriminations against pro-
duct ions are calculated; the effects of finite beam dimensions, angular spreading and kinetic energy
of separation of fragments during the decomposition are discussed theoretically and illustrated by

practical examples.

“Meta-stable peaks’ are defined as peaks arising
in mass spectra due to decomposition of meta-stable
ions during their flight through the mass spectro-
meter tube. They are recognisable in mass spectra
not only from the fact that they appear at non-inte-
gral mass numbers, but also because they are more
diffuse than the normal mass peaks due to ions
which travel the whole length of the spectrometer
without decomposition. The shapes of “meta-stable
peaks” are sometimes difficult to observe because of
the overlap which occurs with normal peaks in the
same region of the mass spectrum. Fig. 1 shows part
of the mass spectrum of 2-ethyl piperidine including
the region below mass 12. In this region of the spec-
trum there is little interference from normal mass
peaks and the shapes of the “meta-stable peaks” can
be more easily observed. It can be seen that the
peaks are of varying widths and shapes. Although
the shape of most “meta-stable peaks” observed in
the mass spectra of organic compounds is roughly
Gaussian, even these peaks differ widely in width.

1 J. H. Bey~on, R. A. Saunpers, and A. E. WiLLiams, Z. Natur-
forschg. 20 a, 180 [1965].

2 W. Hiceins and K. R. Jexxines, Trans. Faraday Soc. 62, 97
[1966].

In addition, peaks having “flat tops”! or “dished
tops” 2 as well as more complex asymmetric shapes
are often observed, sometimes in the same mass
spectrum.

There have been several previous papers dealing
with “meta-stable peaks”. BarBer and Erviorr 3 have
discussed the relative sensitivities of single and
double focussing geometries in the detection of
daughter ions from meta-stable decompositions oc-
curring in the region immediately preceding the
magnetic analyser. The exact position at which
“meta-stable peaks” appear on the mass scale has
been discussed by Momieny* and Frowers®. In
these laboratories we have considered ! the effect on
peak shape of decompositions which involve kinetic
energy of separation of the fragments, but the treat-
ment was a simplified one in which energy release
only along the direction of motion of the ions was
considered. The width of a “flat topped meta-stable
peak” can be correlated with the energy released but
there was no discussion of the detailed shape of the

3 M. Barser and R. M. Erriorr, 12th Annual Conference on
Mass Spectrometry and Allied Topics. Committee E. 14
A.S.T.M. Montreal, June 1964.

4 J. Momieny, Private Communication 1964.

5 M. C. Frowers, Chem. Comm. 235 [1965].
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peak produced. Jennines and Hiceins 2 have report-
ed decompositions of doubly charged ions. In such
decompositions, due to the energy of separation of
the two positive charges %, a large energy release of
the order of a few electron volts is observed. This
causes the “meta-stable peak’ to develop a “dished”
top and McLAFrrERTY et al. 7 have shown that in cer-
tain decompositions giving lower energy release the
shape of the top of a “meta-stable peak” can change
from “flat” to “dished” shape as the energy of the
meta-stable ion is decreased.

Recent calculations by Eirriorr® and Frowess®
have taken into account the possibility of the energy
release in a meta-stable decomposition producing
a velocity component in the daughter ion directed
at an angle to the direction of flight of the precursor
ion. Both these workers have developed equations
related to the geometry of the A.E.I. Limited type
M.S.99 mass spectrometer which claimed to give
information on the width and profile of a “meta-
stable peak” in terms of this angle, the distance
travelled in the field free region before decomposi-
tion, and the amount of energy released. Both equa-
tions predict a steeply “dished top™ peak.

Decompositions occurring within the electrostatic
analyser of a double-focussing mass spectrometer of
Nier—JonnsoN geometry have also been reported by
Barger and Eruiorr ® and by Bevvon, Saunpers and
Wireiams 19, It was shown that the result of such de-
compositions is to produce a broadened “meta-stable
peak” which extends upwards in mass from a mass
my?/m, towards m, where m; is the mass of the
meta-stable ion and m, the mass of the daughter ion
formed in the decomposition. The extent of the
spread in mass depends on the energy discrimina-
tion of this stage of the mass spectrometer.

It is a simple matter to introduce wiring modifi-
cations to allow a large, precise and continuous
variation in the ratio of accelerating to deflecting
voltage and to allow only daughter ions which have

J. H. Bev~o~ and A. E. Foxtaing, Chem. Comm. 717 [1966].

T. W. Suannon, F. W. McLarrerty, and C. R. McKinnEy,

Chem. Comm. 478 [1966].

8 R. M. Evrriort, Private Communication 1965.

9 R. D. Craig, B. N. Green, and J. D. Warpron, Chimia 17,
33 [1963].

10 J. H. Bevnoxn, R. A. Saunpers, and A. E. WiLLiams, Nature
204, 67 [1964].

11 K. R. Jennings, J. Chem. Phys. 43, 4176 [1965].

12 J, H. Furrrers, K. R. Ryan, and L. W. Sieck, J. Chem. Phys.
43, 1832 [1965].

13 K. R. Jennines, Chem. Comm. 283 [1966].
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been formed in the field free region preceding the
electrostatic analyser to be recorded. The “meta-
stable peaks” then observed are better focussed and
more intense than those produced in conventional
spectra and this technique of studying meta-stable
ion decompositions has been used successfully by
JenNings 11 with Nier—Jornson geometry and by
FurrrerL and co-workers with Marravca—HEerzoc
ion optics 2. JenninGs 13 has further used this modi-
fication to observe a product ion which has been
formed as a result of two decompositions along a
flight path. An arrangement closely resembling that
of Jennings and of FurrerL has been used by Os-
BERGHAUS and OTTINGER to measure fragmentation
energies in hydrocarbons 1% 15,

Beckey has reported meta-stable decompositions
observed in field ionisation mass spectra® using
a single-focussing mass spectrometer and he cites 17
many examples of intense “meta-stable peaks” due
to decompositions in the field free region. “Meta-
stable peaks” in field ionisation mass spectra have
also been reported in these laboratories® and by
RosErTsoN 19,

It is the purpose of this paper to consider in more
detail the conditions which give rise to “meta-stable
peaks” of different shapes and also to investigate
regions of the flight path which have not been con-
sidered by previous workers. The analysis has been
mainly restricted to considerations of a single-focus-
sing sector type geometry and detailed attention has
not been paid to the field free regions preceding the
electrostatic analyser in double-focussing instru-
ments, although decompositions here are discussed
qualitatively. A mass spectrometer may be consider-
ed as divided into the following regions:

(a) The accelerating region.

(b) The field free region preceding the electrostatic
analyser and the electrostatic analyser (for
double-focussing instruments).

14 Cu. Orrineer and O. Ossercuaus, Physics Letters 17, 269
[1965].

15 Cn. OrTINGER, Z. Naturforschg. 20 a, 1229 [1965].

16 H. D. Brckey, Bull. Soc. Chim. Belges 73, 326 [1964].

17 H. D. Beckey, in “Mass Spectrometry” A N.A.T.O. Ad-
vanced study institute on theory, design and appplications,
Glasgow 1964. Ed. R. I. Reep, Academic Press 1965.

18 J. H. Beynown, A. E. Fontaing, and B. E. Jos, Z. Naturforschg.
21 a, 776 [1966].

19 A. J. Rosertson and B. W. Viney, Advances in Mass Spec-
trometry, Vol. ITI, published by The Institute of Petroleum,
London 1966.
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(c) The field free region in front of the magnetic
analyser.

(d) The region within the dispersing (sector) mag-
netic field.

(e) The field free region between the magnetic field
and the collector slit.

Theoretical

a) Decompositions of meta-stable ions in the
accelerating field

HrppLe and Conpon 20 showed that in a magnetic
sector mass spectrometer the ion m,* from the de-
composition of a meta-stable ion m;* appears on the
mass scale at m* where
(my—my) (V—T1)
my CmyV I

V' is the full accelerating voltage available and V!
is the potential through which the ion m;* has fallen
before decomposition occurs. The equation shows
that as 7! increases from zero to V, m* varies in
value from my to m,2/m;. The equation assumes
that there is no kinetic energy of separation of the
fragments at decomposition. In order to calculate
the peak shape at m* it is necessary to know the
shape of the accelerating field, since this will affect
the efficiency of transmission of the product ions
m," through the entrance slit of the mass spectro-
meter and also to apply a weighting factor to each
individual decomposition dependent on the velocity
of m, at the moment of decomposition. This velocity
and the field shape at I’ will determine the interval
of time spent by m;* in this region. For the very
simple case of a uniform field, m* will take the form
of a continuum extending the entire distance from
my to m,%/m; the intensity increasing towards m,
because of the weighting factor discussed above.

If m,;* decomposes at a very small value of V!
the daughter ion will arrive at the entrance slit of
the mass spectrometer with almost the full accelerat-
ing energy. Discriminations against such ions will
therefore be small and they will appear as a tail on
the low mass side of ms .

If m;* decomposes when V1=V the ion is near
enough to the slit to be likely to pass through it,
even though in the decomposition it loses a fraction

20 J. A. Hrerre and E. U. Coxpox, Phys. Rev. 69, 347 [1946].
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(my —msy) /my of its energy. Such ions will appear
in the tail on the high mass side of m*. Ions reach-
ing the entrance slit with intermediate energies
would be expected to suffer more discrimination in
a non-uniform field.

There will be interference to observation of these
effects due to the fact that there is a continuum
which extends from mass m,2/m, through ms to m, .
This is due to decompositions which occur within
the magnetic field and 1s discussed in Section d.

If there is a release of T eV of kinetic energy at
the moment of decomposition, so that the fragmenta-
tion can be represented by:

mt—myt 4+ (my—m,) +T eV

discriminations in passing through the entrance slit
will be increased, but ions which pass through the
slit will again give rise to a continuum from m*
to ms.

b) Decomposition of meta-stable ions in the field free

region before the electrostatic analyser and the region

within the electrostatic analyser (Double-focussing
instrument)

In general, daughter ions from decompositions
occurring in this region of a double-focussing mass
spectrometer will not reach the collector since they
have not the correct energy to pass through the elec-
trostatic analyser. The energy pass band of this ana-
lyser is, however, finite and the daughter ions from
decompositions involving very small mass changes
(1.3% for the M.S.9) occurring before the electro-
static analyser can pass through and appear in the
normal mass spectrum. The situation obtaining for
decomposition within the electrostatic analyser has
been described elsewhere 1, and no further discus-
sion of decomposition in this region will be given
here.

¢) Decomposition of meta-stable ions in the field free
region in front of the magnetic analyser

Fig. 2 is a schematic diagram of the magnetic
sector of a single focussing 90° mass spectrometer.
The magnetic field is uniform over the area of the
magnet and in a direction perpendicular to the plane
of the paper (this direction is identified as the z
direction). The z direction is defined as the direc-
tion of motion of ions which enter the magnet per-
pendicular to the pole face and which describe an
arc of radius R, leaving the magnet also perpendicu-
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Fig. 1. The mass spectrum of 2-ethyl piperidine below mass 16 showing several different widths of a “meta-stable peaks”; e. g. 82-15 denotes a peak due to the decomposition
82* — 15" + 67.

D

Fig. 2. Schematic diagram showing decompositions occurring in the
field free space in front of the magnetic analyser with release of kinetic
energy.

Fig. 3. The co-ordinate system used to define the direction of motion of
the daughter ion m,* in terms of the direction of momentum changes
on decomposition.
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lar to a pole face before entering the collector slit.
The y direction is perpendicular to both the z and
z directions. The lengths of the slits of the mass
spectrometer lie in the z direction.

Let A represent the site of decomposition of a
meta-stable ion according to

mt—myt+ (my—my) +T

where T represents the release of kinetic energy in
the fragmentation. Let m;* have a kinetic energy E,
immediately before decomposition and be moving
in the z-direction. The ion m," will in general have
a velocity in the zy plane of magnitude V', which
makes an angle a with the z-direction. Considering
only the component of velocity in this plane, m,*
follows the path AC to the magnet.

Let %sza2:Ea.

Let m,* move in the magnetic field in the arc CF
of radius R, which brings it to the collector along
a path making an angle y with the normal to the
magnet pole face, and let the magnetic field at which
this occurs be H, . R, can be evaluated from the geo-
metrical relationships:

(R+dtga)? + (R+d tgy)?
=2 R>(1 +sin(y +a)), (1)

Ry DLOEG (2)
cos a+sin y

Simultaneously with the collection of m," let an ion
of mass m* with energy E, move along the path
SABED and also reach the collector without suffer-
ing decomposition en-route. Thus for m*

2Eym*
R2— 2E
Hzer '’
where e is the electronic charge, and for m,*
2E, m
R Bl a2
< Hpz2e?
Hence
E, R?
m*=my, =% . 3
2'E, R? (3)

m* is the apparent mass of the ion m,*.

The situation at the moment of decomposition of
my* is shown in more detail in Fig. 3. The momen-
tum changes resulting from the released energy T
are directed along the vector AG. The vector AG
makes an angle O to the z-axis in the zy plane and
an angle @ to the zy plane. Let the final direction
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of motion of m, be represented by the vector AH
making corresponding angles a and § in the zy
plane and perpendicular to it. Let 7, the velocity
of my before decomposition be resolved into three
components, Vy, along the vector AG, ¥y, along a
line in the xy plane perpendicular to AG and V. in
a direction perpendicular to these two directions.
Then

Via=V,cos Dcos O,

Vip=V;sin®,

Vie=V;sin @cos O .

If Vou, Vas Vac and Vs, , Vg, and V. are respec-
tively the three components of the velocities of m,
and the neutral particle along the axes defined
above, we can write three sets of energy and mo-
mentum equations.

Ty Vi 4+ T = ma Vo2 +3 (my —mo) V3%, (4)
meVoy + (my—mg) Vaa, (5)
Imy Vip? = 3ma Vo + 3 (my —mo) Vai?,  (6)
me Vo, + (mg—mg) Vay, (7)
Im Vi =3tma Vot + 3 (my—me) V32, (8)
miVie= meVs + (my—mg) Vse. (9)
ImyV4,% as Eycos®? D cos? O,

Imy V2 as Eysin® O,
Im V2 as E,sin®? D cos? O

myVig =

my V1b =

Writing

the solutions for the six velocities are:
Voa= V2 uT/my +cos D cos O V2 Ey/m,
where 1= (m;—my)/m,,
Vaa= £ V2T/uum, +cos D cos O V2 EyJm,,
Vap=Vsp=sin O V2 Eg/m,,
and
Vae=Vse=sin D cos O V2 Ey/m, .

The three velocity components of m, can now be
compounded as two components, one in the z direc-
tion (V,) and one in the zy plane at an angle a to
the z direction (V).

V2= (Vaacos D+ Vs, sin D)2+ Vg2,

V,= Vaoasin @ —Vs,cos D,
and cot(® —a) = V2 cos ,qf;/"',V%C sin ¢

2b

Substituting the values of Vs, , Vi, and Vs, we get:
Ve= 2B 114 2T o2 &
my E,

+2cos Ocos @ VuT/E, |, (10)
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V,=+sin®V2uT/my, (11)

and

cota=cosec O sec D VE,/uT +cos O]. (12)
From equation (10):

E,=im,V2=T2F |1+ AT o2 @
- my E,

+2cos O cos D VuT/E, } (13)

As the magnet of the mass spectrometer produces
mass dispersion only in the zy plane, we need only
consider the motion of m,* in this plane in order to
calculate the value of m*. Thus, substituting for
E,JE, in (3)

m*= mgz R?

m; R,?

-[1+ %Z cos2P+2cosOcos PV u T/E;J (14)

0
In order to calculate R, from Eqs. (1) and (2) the
value of a corresponding to any pair of ©® and @
is required. This is obtained from Eq. (12).

To be recorded the daughter ion from the decom-
position must pass through the collector slit. For this
to occur for an ion diverging from the centre of the
beam, the distance travelled in the z-direction must
not exceed [/2 where [ is the collector slit length.
From Fig. 2 the path length in the z-direction after
decomposition is given by:

cos a 2 cos y
or to a good approximation, d+3 @ R +d; .
The angle subtended by the half slit length at the
decomposition site is:
tg™? NN S
2(d+3x R+d,)
and the approximate condition for collection is

Vz,; (d+3zR+d) 2.

V,cos

Similar conditions for collection employing the ap-
propriate fraction of the slit length hold for daugh-
ter ions diverging from places in the beam other
than the centre. The calculation of the profile of a
“meta-stable peak” due to decompositions involving
the release of a discrete amount of energy can now
be undertaken.

Selecting triplets of values for ©, @ and d a com-
puter was used to evaluate: —

o from equation (12),
R, from equations (1) and (2),
and m* from equation (14).
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The geometry used in the calculation was that of
the M.S.9 mass spectrometer ? in which R=12",
d;=8.47" and d varies from 21" to zero. E, was
taken as 8000 eV. © varies between 0° and 360°
and @ from 0° to 90°.

It was assumed that the probability of decomposi-
tion of m,* was the same over the whole path length.
This is equivalent to assuming a half-life for de-
composition very long compared to the time of flight.
This assumption has been made throughout the pa-
per; the consequences are discussed later. The value
of m* for any chosen set of data was calculated using
an English Electric type K.D.F. 9 computer. The data
used in each evaluation was subjected to the condi-
tion for collection given above. After sorting the
values of m*, the intensity distribution in the “meta-
stable peak” was obtained by adding the contribu-
tions from each part of the ion beam.

The sampling of ©® and @ was done using equal
increments of angle. This does not result in spheri-
cal symmetry for the probability of the distribution
of the vector AG unless a weighting proportional to
cos D is assigned to each m*.

Fig. 4 shows the shape of the peaks computed
from the data:

T=0.1eV, E,=8000eV, m;=79, my=52.

Fig.4 A assumes all the daughter ions are collect-
ed and Fig. 4 B includes the effect of discrimination
by a collector slit of length 0.080”, the actual col-
lector slit length of the M.S.9 mass spectrometer
used in this work. The intensity of both these peaks

(2N

(8)

0:34u.

Fig. 4. Computed peak shapes for a release of 0.1 eV kinetic
energy (A) Assuming collection of all fragment ions. (B) As-
suming discrimination by a collector slit of length 0.080".
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falls from maximum to zero in approximately 0.03 u.
The slope on the sides of “flat-topped meta-stable
peaks” found in mass spectra is usually five to ten
times less.

If the data 7=0.001 eV, E,=8000 eV, m; =79,
my =52 are used a narrow “flat-topped” peak is still
obtained, the width of the flat-top being 0.03 u and
the sides falling from maximum to zero in 0.006 u.

For ion beams produced by electron bombard-
ment, assuming the ionization chamber temperature
to be 500 °K corresponds to a thermal ion energy
of 0.043 eV. There is also an energy spread of about
the same amount due to formation of ions in dif-
ferent parts of the ionization chamber. In a double-
focussing mass spectrometer such as the M.S. 9 the
effects of such energy spread are reduced by a factor
of 100 —200. Thus, for a decomposition involving
no release of kinetic energy, the effective value of T
is about 1073 —-5x 10" eV.

In the foregoing treatment of the meta-stable de-
composition process the ion beam from the source
slit of the mass spectrometer has been assumed to
be infinitely narrow in the y-direction. The effect on
the “meta-stable peak” of introducing a divergence
angle can also be included in the computation. In
Fig. 5 a meta-stable ion m;* of energy E, diverging
from the slit S at an angle ¢ undergoes decomposi-
tion at A, at a distance d from the magnet. If the
resulting path of m," is at an angle a (measured in
the 2y plane) to the original direction of m,* then
the radius of curvature R, of m," on entering the
magnet can be calculated from Eqs. (1) and (2)
as before, if “d” is replaced by d, and “a” is re-
placed by (a+¢).

From the geometry of Fig. 5 it can be shown that

d,=d+ (dy—d) tg e cot(e+a).

& e
€ m?t _ A
S === B
d,
d
d

Fig. 5. The effect of divergence of the ion beam on the path of
the fragment ion.

21 N. D. Coccesuart, J. Chem. Phys. 37, 2167 [1962].
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Thus it is possible to perform calculations to as-
certain the effect on the peak of introducing typical
values of ¢ (<1072 radians). These calculations
show that the peak amplitudes and shapes shown in
Fig. 4 are still produced, together with very weak
tails on each side of the peak. The intensity of the
tails is only 2 —3 per cent of the maximum peak
intensity dying away to zero over a mass range
which increases with the value of .

d) Decomposition within the dispersing magnetic field

CoccesHALL 2! and Newrox 22 have considered the
dissociation of ions within the magnet of a DEmpsTER
type 180° single focussing mass spectrometer. Both
these workers considered decompositions of specific
ion species and included in their calculations esti-
mates of the half-lives involved. The present work
has considered decompositions occurring in a sector
magnet as shown in Fig. 6. In this figure, the meta-
stable ion m;*, energy E,, is shown entering the
magnet normally and decomposing at A, with no
release of internal energy, after following a path BA,

8
it
A
/
/ s
o — 7@
E— E
’@l
’
)

Fig. 6. Schematic diagram showing decompositions occurring
in the magnetic field with no release of kinetic energy.

radius R;. The resultant daughter ion m,* has a
path of radius R,, leaves the magnet and enters the
collector slit at D. It is supposed that simultaneously
an ion m**, energy E,, enters and leaves the magnet
normally having followed the radius R. The relation-
ship between m* (the apparent mass of the meta-
stable ion), E, (the energy of m,), E,, R, and R

22 A. S. Newrox, J. Chem. Phys. 44, 4015 [1966].
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can be deduced as before

v E R
m* =m, E R (15)
R, and R, are related by:
R =R,™ VEE, (16)

and for a given value of w the following geometrical
relationships can be deduced from Fig. 6:

R=(Ry—R,)sinw+Rycosy—d tgy, (17)
Ri—R=(R;—R,) cosw—R,ysiny. (18)

These enable R, to be evaluated.

Thus by taking in succession the whole range of
values for w and assuming equal probabilities for
decompositions at any time during the transit of m,*
through the magnet the values of m* can be cal-
culated and an intensity distribution obtained. Two
such distributions resulting from the hypothetical
decompositions:

100* — 50* 450

and 100t —=99* + 1

occurring in the magnet without release of energy
were considered. The result shows the distribution
to take the form of a continuum from m,?/m, to m,,
the intensity rising slightly at each limit. Fig. 6
shows the flight paths of ions m;* and m,* when
there is no release of kinetic energy. We have also
considered the general case of a spreading ion beam
and a release of kinetic energy. The result is very
similar though the continuum now extends slightly
beyond each of the above limits. The calculations
were done using distances estimated from the geo-
metry of the M.S.9 mass spectrometer which has a
magnet analyser tube of outer radius 12.75”.

In terms of Fig. 6, a daughter ion from the de-
composition will hit the wall of the tube if (0Q + R,)
is greater than the outer radius of the magnet tube.
This condition is due to CoccesnaLL 21, In geometri-
cal terms cut off occurs when:

Ry+((Ry—Ry)*+ (R - R)?
—2(R;—R,) (Ry—R) cos w)"*>12.75".

The calculations showed that for a large mass change
on decomposition, only values of ®w near 0° and
near 90° satisfy the condition for transmission and
collection.

For a mass change of ~1% however all values of
o satisfy the condition.
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e) Decompositions in the field free region
before the collector

In part ¢) of this paper it was shown that meta-
stable ions m;* decomposing with the release of in-
ternal energy give rise to daughter ions my" the
motion of which can be described by considering the
velocity ¥V, in the z direction and the velocity V,,
along a line making an angle a with the z direction
and lying in the xy plane. A daughter ion formed
in the field free region in front of the collector slit
by such a decomposition will in general have a
component of velocity in the zy plane making an
angle a with the original direction of the meta-stable
ion m;*. my* will therefore be collected at a different
value of magnetic field from m;*. The apparent
mass of my" is given by:

m* = my R? )
R?

The conditions for collection of this ion are shown
in Fig. 7 where R, is the radius of the path of m,*
in the magnet when m," is collected. R, can be cal-
culated from the geometrical relationships:

Ricos(a—0) =R+ (dy—d) tg(a—0) dtgy,
Rysin(a—y) =R—R;.

(19)
(20)

d is the distance from the collector at which the de-
composition occurs.

No computation has been attempted from these
equations in this work, though it may be said that
the intensity distribution must take the form of a
tail on each side of the m; peak observed in the mass
spectrum. The spread of the tails will increase with
increasing kinetic energy of separation and provides
a means of estimating the magnitude of this released
energy.

Experimental

Several experiments were carried out in attempts
to verify the theoretical predictions. The experi-
ments are described below. The letter at the com-
mencement of each section refers to the correspond-
ing section in the theoretical part of the paper.

a) Discussion is included with d) below.

b) The peak shapes observed due to decomposi-
tion in the electrostatic analyser have already been
described 0.

¢) Discriminations due to the finite collector slit
length have been investigated by comparing the
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Fig. 7. Schematic diagram showing decompositions occurring
in the field free region in front of the collector including the
effects of kinetic energy release.

shape of the “broad meta-stable peak” which occurs
in the mass spectrum of benzene and due to the de-
composition:

CeHg™" — C;Hy" +CHg* + ~2.8 €V
in three different mass spectrometers. These were

the M.S. 9 having a collector slit length of 0.080”,
the M.S. 1223 of slit length 0.200” and a single-

M, | J j\;i,\,y"\\h/\

oy

Fig. 8. Peak shapes obtained for the “meta-stable peak” from
CeHgt* — C;H;*+CH;" in mass spectrometers with different
lengths of collector slit.

focussing mass spectrometer, built to the design of
Grauam, Harkness and Trope 2! (of 6" radius in
the magnetic field) of slit length 0.300”. Fig.8 A
shows the peak shape in the M.S.9 at 8kV accel-

23 A. E. Banxer, R. M. Eruiorr, and W. Kerry, Gas Chromato-
graphy 1964, Proc. of 5th Symposium Brighton 1964, But-
terworths London 1965, p. 180.

24 R. L. Granam, A. L. Harkngss, and H. G. Tuopg, J. Sci. In-
strum. 24, 119 [1947].
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Fig. 9. Peak shapes obtained for the “meta-stable peak” from

CeH;NO;* — CgH;0,*+NO- in mass spectrometers with dif-

ferent lengths of collector slit and at different accelerating
voltages.

erating voltage and Fig. 8 B the peak shape in the
M.S.12 also at 8 kV. Fig. 8 C shows the M.S. 12
plot at an accelerating voltage of 2 kV and Fig.8D
the plot in the 6” radius instrument also at 2 kV.
The lower discrimination against ions falling near
the mass m,%/m; in the instruments having the lon-
ger collector slits is clearly visible. The M.S.9 and
M.S.12 instruments are particularly suitable for
comparison since their magnet sector geometries are
identical. Further evidence of the effect of slit length
is shown in Fig. 9 which gives the shape of the
“meta-stable peak” in the spectrum of o-nitro phenol
due to the decomposition:

CeH;NO;* — CgH;0," + NO" + ~0.75 V.

84858687

i)
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Figs. 9a, b, ¢ and d show the peak shape obtained
in the M.S. 9 at voltages 8, 6, 4 and 2 kV and Figs.
9e, f, g, and h the corresponding peak shapes at the
same accelerating voltages in the M.S.12. Fig. 9]
shows the peak shape obtained on the 6" radius
single-focussing sector instrument at an accelerating
voltage of 2 kV. These plots show that the wide “flat
topped” peak obtained at 2 kV in the M.S. 9 becomes
progressively more rounded either as the accelerat-
ing voltage is changed or as the slit length is in-
creased by changing to another instrument.

A characteristic of all the broad “meta-stable
peaks” obtained in practice is that the slope of the
sides is lower than in a normal ion peak. The com-
puter calculations given in c) of the theoretical part
of this paper predict peaks with steeply sloping sides,
even when there is no discrimination, and an infini-
tely long slit is employed. A typical “narrow meta-
stable peak’ which can be used to compare with the

J.H.BEYNON AND A.E.FONTAINE

shape predicted by theory is for example that at
m/e 34.2 in the spectrum of pyridine and due to the
transition:

79t — 52* 1+ 27.

It has a width at half height measured on the M.S. 9
of 0.17 u some six times greater than the computed
peak width. This must mean that there is a small
range of kinetic energy released in the fragmentation
and this will have the effects of reducing the slope
on the sides of the peak and of rounding the flat top
predicted by theory. A similar spread of kinetic
energies about the mean value might be expected in
those cases where kinetic energy release is observed.
This may explain why more examples of “dished-
topped meta-stable peaks” rather than “flat-topped”
are not observed, and why the observed slopes of the
sides of the peaks are always lower than those com-
puted on the assumption that all decompositions
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Fig. 10. Part of the mass spectrum of ethanol showing the continuum due to decomposition of meta-stable ions in the magnetic
field and the distortion due to decompositions in the accelerating region.
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release exactly the same amount of energy. The com-
puter plots were, of course, obtained on the assump-
tion of a long half-life for the meta-stable ion. Intro-
duction of a shorter half-life into the equations has
no effect on the shape of the sides of the peaks when
decompositions occurring before the magnetic ana-
lyser are considered, and it was shown originally by
CocgesHALL 2! that decompositions within the mag-
netic analyser tend only to produce asymmetry in
the observed “meta-stable peak”. Variation of di-
vergence angle of the beam, release of energy in 3-
dimensions and slit discriminations also do not pro-
duce the required slope on the sides of the peaks.
The fringe magnetic field also would not be expected
to produce the desired slope; it is shown later that
for decompositions occurring during passage through
the main magnetic field the effect produced is to
form the continuum between my2/m, and m, and the
effect of the fringe field would be expected to be
qualitatively similar. It is, however, easily possible
to produce any required slope on the sides of the
“flat topped” peak by assuming an appropriate
energy distribution.

d) Fig. 10 shows part of the mass spectrum of
ethanol obtained on the M.S.9 mass spectrometer.
The “meta-stable peak” due to the transition:

C2H60+. —_ C2H50+ -+ H :

is clearly visible at mass 44 and is indicated by an
arrow. The continuum which manifests itself as a
displacement of the zero line between masses 44 and
46 is clearly visible. Fig. 10 A was obtained with the
ion beam passing near one edge of the energy selec-
tor slit between the electrostatic and magnetic ana-
lysers. As a result some of the daughter ions pro-
duced by decompositions near the exit end of the
electrostatic analyser can be seen producing the pla-
teau-like “meta-stable peak” which has previously
been discussed 1°. Fig. 10 B shows the spectrum ob-
tained when the deflecting voltage is adjusted so
that the ion beam passes close to the other edge of
the energy selector slit so that no ions which have
lost energy before this point are transmitted through
the instrument. The continuum due to decomposi-
tions in the magnet remains clearly visible. A de-
composition involving only a small mass change was
used as illustration since only under these conditions
is the continuum likely to be intense enough for de-
tection. Also, as there is no “cut-off”” by the magnet
tube for small mass changes all the products of de-
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compositions occurring in the magnet sector are
transmitted and there is no break in the continuum
midway between m,%/m,; and m, .

Comparing the lower mass side of the peaks at
masses 46 and 45, it can be seen that there is a
small distortion near the baseline on the low mass
side of mass 45. This is most clearly observed on the
lower sensitivity traces. This distortion is thought
to be due to ions which have decomposed in the ac-
celerating field near to the ionisation chamber as
discussed theoretically in Section a). Theory sug-
gests that a corresponding distortion would be ex-
pected on the high mass side of m* (the peak mark-
ed with an arrow). However, ions appearing at this
position on the mass scale would have lost sufficient
energy to prevent their passage through the electro-
static analyser.

e) In order to demonstrate the predicted broaden-
ing of a mass peak due to decomposition between
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Fig.11. Effect of decompositions with release of kinetic energy
in the field-free region in front of the collector.
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the magnetic analyser and collector slit, the molecu-
lar peak of o-nitro phenol (mass to charge ratio 139)
was compared in width with the xenon peaks
136Xe*" and 13*Xe*". The molecular ion of o-nitro
phenol, as has been mentioned above, decomposes
with loss of mass 30 and simultaneous release of
~0.75 eV of kinetic energy. Two xenon peaks were
used for comparison to ensure that there was no
mass discrimination effect itself giving rise to peak
broadening. The peaks obtained are shown in Fig.
11. The widths of the three peaks were measured at
several percentages of their heights and in all cases
the peak at mass 139 was broader than the other
two. For example, the widths of the three peaks of
masses 139, 136 and 134 at gy of peak height are
respectively 0.0322 u, 0.0294 u and 0.0290 u. This
means that the resolving power of a mass spectro-
meter is reduced whenever an ion decomposing with
release of kinetic energy is being observed. Using
the above figures, it is seen that on a definition of
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resolving power taken on the 0.6% valley definition,
the maximum obtainable resolving power in an
M.S. 9 for the 139 peak in o-nitro phenol would be
about 50,000. The skirts on the peak extend much
further than do the corresponding skirts on the xenon
peaks. Thus an organic molecule decomposing with
loss of kinetic energy would also be quite unsuitable
for experiments in a mass spectrometer of high
abundance sensitivity.

It has proved possible to distinguish the effects
of decompositions in the various regions making up
the ion path in a mass spectrometer. It has not been
possible to exactly match observed “meta-stable
peak” shapes in all cases without invoking the re-
lease of a range of kinetic energies in some tran-
sitions.
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