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Abstract : This paper describes a coincidence method for studying metastable

ion decompositions with a 252Cf time of flight mass spectrometer. An elec-
trostatic mirror is used to reflect ions which are detected by a set of annu-
lar channel plates while neutrals resulting from "in flight" decowpositions
ave counted by channel plates placelbehind the mirror., Two simultaneocus time

of flighc (T,0.F.) oeasurements (ions and neutrals) aze recorded event by

" event using the same start signals. Therefore correlaced reflex spectra can

be obtained by setting electronically time "windows" on the neutral T.0.F.
These windows correspond to masses vhich have decayed in flight. The charzed
fragments are then selecced in the reflex spectra by this mechod of coinci-
dences. In flight decays can therefore be idencified. Others- ionization-

desorption techniques can be used as well, A few simple examples are presented.



Time of flight (TOF) techniques have been used for many years
at our laboratory in several diiferent types of experiments mainly relevant
to nuclear physics (1-4). In these experiments, multiparameter coincidence
measurements are routinely made and data acquisition systems as well as
fast timing electronics have been developed (5~8), Applicatioas of these
tachniques to time of f£light mass spectromsery or organic compounds, with
a new TOF mass spectromster (9), have besn recently made with success. In
particular, metastable ion studies, using the coincidence method, have besn
useful to elucidate and/or tp confirm structures of organic compounds (10) KN

(11). The purpose of this paper is to describe and to illustrate this method

wich a few simple examples.

EXPERTMENTAL METHOD

1. Generalities

We have constructed a 252Cf time of flight mass spectrometar
with an electrostatic mirror. A description of tha system has already been
reported (9) ; it is designed with an axial symmerry and annular channel plate
deteczors have been built for the spectrometer. A schemacic diagram illus-

trates the system in fig. 1.



Two simultaneous time of flight measurements are recorded event
by event ugingthe same start signal. We call the "neutral TOF spectrum’ the
spectrum corresponding to "stop signals" coming from the detector placed
behind the mirror. This detector is hit by neutrals only, The "reflex
spectrum” is the TOF spectrum of ions ‘:hich have been reflected by the
mirror. This system can also be run as a standard 252Cf mass spectrometer.
This is obtained simply by not operating the electrostatic mirror, neutrals
and ions are then both detected by the decector 2 (see fig. 1). It is ex-
tremely interesting to measure the rate of fragmentation in flight of any
given organic wolecule. An example is given in figure 2 (a.b) ; fizg. 2a
shows the molecular ion region peak for the Adenosine molecule (ions +
neutrals are counted) which is measured for one minute when the mirror is
not active while. Fig. 2b shows the sams measurement, for the same time period,
with the mirror in operation. In this second measurement, only neutrals due
to a in flight decomposition of the adanosine molecule are dctec:e.d. The
ratio of the integratad peaks (neutrals)/(neutrals+ions) immediatly gives
the rate of in "glight decomposition”., It is about 50 % in the case of ade-
nosine. Similar measurements have been made for many different compounds.
In some cases 80 to 90 7 decompose in flight. It is therefore very useful
to keep the possibility of measuring direct spectra in a "reflex TOF sys-~
ten”. It can be seen easily from these spectra (fig. 2) how the metastable
decompositions are contributing to che shape of a peak in the molecular
mass region. The broadening, caused by the neutrals, is most importanc at
the base of the peaks. This explains why in TOF mass spectrometry, the time
of flight resolution is almost always measured by taking the full width at

half maximum of the peaks.

With the mirror operating a transmission of more than 50 % is
now obtained for cesium iodide clusters, and a mass resolution M/AM = 3000

is achieved for these ions. For organic molecular ions the transmission
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fac:or;which can reach 30 7 depends maialy on the rate of metastable decay
- as discussed above - in the first field free region. This system has

been built for two reasons :

i) The first one is to achieve better mass resolution. It is
clear that the results ares spactacular if we look at fig. 3 which shows
spectra of the same molecule obtained with a standard 252¢f mass spectro-
meter and with the electrostatic mirror in operation. These two spectra
have been recorded within a few minutes. The mass assignment of the mole-
cule & solanine((M+H)* = 867,8) deduced from the value of the centroid of
the TOF peak (fig. 3a) was not the expected chemical mass value (M+H) = 869,07.
The reason for the difference is explained by the reflex spectrum measure-
ment (fig. 3b) which shows for the molecular region peaks a relatively high
contribution of (M-H)*. The centroid of the pesk of cthe direct spectrum
could not give in this case a correctmass value. Results from the reflex
spectrum have therefore been useful to confirm the exact mass. There is no
doubt that an improved mass resolution is often necessary in TOF instruments. .
However, for heavy molecules (MW > 3000) the complexity of the molecular ion
peak rejion makes an extremely good wass resolution less important. Calcula-
tion of peak cenrroids of the molecular ion region can give the chemical
molecular weizht, which, in most cases, is sufficient. That method is cur-

rently used in PDMS for measurements of molecular weight above 5000 u (12).

ii) The second and probably the most important reason is to
permit the study of metastable ions. The method can be improved and deve~
lopments are in progress at our institute where several time of flighe

instruments are in operation.

2. The coincidence method for metastable ion studies

Although we are interested in metastable decays in the field

free region, let us mention briefly the different cases already described



by B"' Chaic and F. Field (13). If the decay m'amT + @y occurs on the sample
during che passage of a fission fragment or slighcly after, 10715 < ¢ < 1079
sec, then the ionization fragments mT will appear as very sharp lines at

time £y in the reflex spectnum (£ig. 4b). If the de;ay takes place during
the acceleration step, the time scale depands on the mass and on the acce~
leration voltage, but is typically around 107 gec. The remaining ion mf

which will have gained a lower kinmetic energy will then contribute to 2 tail

and background appearing at times larger thanm €g.

V¥hen the rupture mTa m;s + my takes place in the field free
region and if onme does not consider for the moment the energy released

in the breaking process then the kinetic energies of the fragments ::1';s and

rno are 3
)

Em's " Eroral - 3 .

-E )
Eng total ' g

We call iﬁ:’ the mwass of the charged fragment for a decay occuring in fligar,
The mass mg will hit the neutral detector at a :imi t correspondiag to

the time of flight of the molecular ions m* since the total velocity is con-
served after the break-up. The charzed fragment will also retain the same velo-
city but the time spent in the reflecting region will be smaller than that of

the molecular ion m™ with identical velocity. The reason is thac the energy of

+ +
13 13

inside the mirror at a potemtial Uy = Em; at a distance dy, inscead of U,

the fragment m; is smaller than m*, and the m]_ ion will be bounced back

at a distance d (see fig. 4). Tha time :m';' (metastable) is thus smaller
s

than (R but larger than ot The result is that a metastable in flight decom-
1

position will give rise to a peak located in time between ty+ and E“‘T .

It is much simpler to operate the spectrometer in the coincidence
mode with the two first grids of the mirror om ground. The mass resolution

is then not as good as with the second grid at Vg = 2/3 Upoeal but the necas-



table m;ss calibration is much easier. Indeed , the mass calibration for
metascable ions is different than for ions emitted from the sample. The
toral time difference for the two ions m* and n;s of the same velocity
can be calculated frem the time difference due to their passage in the

mirror. The TOF for m* in the mirror is_:

T 4 =24/52

m u
. =
and far LI Tm, = Zdll/%ﬁ_
1s 1
thes aT = %”‘E‘: -a)
u

d m
s 1 1 . 01s
A

)
25 , (oo,
AT = = d = and m o,

s = K/m AT o

and the mass my is deduced from the measurement of the time difference

between centroids of the peaks at tpt and LR
1s

Eowc;er, U and d are not knowm with sufficient pracision
to obtain enough accuracy on mass n:’ + For identifying complex decompo-
sition, it is therefore prefereable to use an internal time calibration (as
done for direct spectra with H* and Na*). This can be achieved by using well
known metastable decay reactions as described in the last section. In the
reflex spectrum we have what we call the "normal” peaks (n; and " emitted
from the sample in the case considered here) and additional pesks which ori-
zinate from in flight decay. These peaks are the most interesting events for
eiucidating structures. They are sometimes weak , depending on the decompo-
sition rate byt their origin (andeven their existence) can be revealed

from the analysis of the coincidence data.

3efora going into fursher details it is important to realize
that che energy released during the fragmentation will change both the trajec~

tories and velocities of the fragments. This isotropic process is schemati-

\



cally shown in fig. 5 : :u';'s has its trajectory changed by an angle 5! acd
the a.xial‘ velocity is aodified. The result is a broadening of the metascabla
peaks, which is zore imporzant if the ratio m}'s,/m is small because of the
momentum transfer . The width of the peaks could zive information on tha
kinetic energy AE iavolved in the breaking processes, but it also depeands
on the locus of fragmentation on’  cthe £flight path. Thus only lower limits

of AE could be extracted. Such values have been obtained in ref. (13) with

a TOF instrument using retarding potentials for metastable studies.

Fig. 4c shows that it is possible for a decay occuring in flight
to register one event in the neutral spectrum and one event, due to the
complementary charged fragment, in the reflex spectrum. The two spectra are

then correlatad since Sor any avent iz the neutral spectrum at time tmg
(parent ion) which indicates that a decay has occured, thera is a correlated

event at time Chetastable Cmyy in tha reflex spectrum. (For better under-
standing we suppose a total efficiency of 100 Z (detection + transmission)).
In this simple case, data acquisition can be made by setting a time window
around tgg o8 :hf ;cﬁztal spectrum iz order to select in the reflex spec~
tru only eventa which correspond to flizht times  of the charged fragment
after the decomposition m = mg + m;’ . The reflex spectrum in coincidence will
cherefore exhibit a peak centered around t = tp, g + The value of che mass m,
can be deduced frow this time valus. We have just described an ideal case. Ia
practise, because of multi-desorption events, the coincidence spectrum will
show the main peaks already observed in the uncorrelated reflex spectrum.
Bowever, relative ratios betwsen peaks in the coincidence spectrum will be
complecely changed and the intensity of the matastable peaks will be very

much enhanced.

We have descrided the zost sizple case ot - st + 2y, Sut
deccmposition of the parent ion in many fragments can exist. In chat case,
several metastable peaks are observed inm the reflex spectrim. On the othar

hand, many peaks can also exist in the neutral spectrum. They correspond to



fragme;: ions emitted from the surface of the sample and these ions may
also decay in flight. Several time windows can therefore be set on the
neutral spectrum during data acquisition. Each time window will be corre-
lated to one specific reflex speccrum with eventually_ many metastable

peaks in each spectrum. This mathod with several windows is used at the

laboratory for complexe cases (8).

The measurements have to be made in two steps. Neutral and
reflex spectra are first recorded during a short time to know in advance
how and where to set the time windows on the meutral spectrum in order to
display directly during the second measurement the correlated reflex spec—
tra.. Another possibility is to record all events on a magnetic tape. Many
samples can be measured successively. Later on, the magnetic tape is read
by the computer and events are classified (according to the windzws which
are defined "off line”") ip order to constitute the different metastable

reflex spectra.

The slectronicsused is composed of standard equipment snd the L N
compiter is 8 PDP 11-34, The eleceronic diagram is shown in fig. 1. We have
used in these experiments a time to amplitude converter (TAC) module for recor-
ding the neutral spectra. In the future a second TDC will be used. The
advantage of a (TAC) is that this module accepts for each start only one
stop evenc in the neutral spectrum. The microprocessor of pretreatment
("Mipre") allows to record up to 16 parameters simultaneously. Corralatad
events and windows are defined with the PP computer and several correlated
spectra can be displayed on the same screen during data acquisition. A Camac
parallel interface will include in the very near fucure two TDC, one or two
ADC and a "Mipre" with functions of pretreacment specially adapted to metas-

table ion studies.



3, Resdlts

We have selected three different relatively simple molecules
to demonstrate the potentiality of the method : adenosine, guanosine and
7-methyl guancsine. These molecules are formed of a nucleic base and a
sugar and it is known thac the rupture of the nucleosidic bond is easily
observed in mass spectrometry since the main observed peaks in a normal
positive spectrum are the base (B+2H)* and the molecular ions : (M+H)*,

(4+a) *,

B. Chait et al. (14) have studied with a 292Cf mass spectro-
meter the decompositionm of several compounds. Decompositions similar to
that observed by these authors have been seen in our "direct spectra" of
nucleosides. However in £light decomposition can be very different from
"prompt decomposition”. This is a delayed process and the rate and the
mode of in flight fragmentation of a single molecule depends on the de=
grees of freedom ‘for the dissipation of the excess of intermal energy. The
coincidencevme:hod is certainly very appropriate for thase studies.

Negative coincidence spectra can also be investigated by this method.

Fig. 6a shows the neutral spectrum with the masses 268 and 136
which indicates that the two ions observed and accelerated from the sample
are 136 and 268, Their presence in this spectrum means that they have de~

composed in flight.

The uncorrelated reflex spectrum is shown in figure 6b., A weak
broad peak is observed above channel 6312, In fig. 6c which represents a part
of the coincidence spectrun this peak is much more visible. It is due to the
decomposition 268" «» (B+2H*) ¢ Nautrals. These neutrals are the masses which
have contributed to the presence of the peak at 268 in fig. 6a. The two spec—
tra 6b and 6¢c look very much the same except for the metastable peak. From the

construction parameters of the electrostatic mirror (discances, volcage...),

-3 -



it has ‘been pogsible to identify this decay. On the other hand this result
has been useful to calculate more precisely the paramecer K of
eq. (1). Further metastable mass calibrations are thus made by using the X

value obtained from this measurement,

The reflex spectrum in coimcidence with a window on mass 136

in the neutral spectrum is shown in fig. 7a. From the ccmparison of the

two spectra and the relative peak ratios (fiz. 7a and 7b) three main "in

£light decompositions” are deduced :

+ +
a) 18 = NH[&
b) 94% = (B+2)* = 42 = (3B+2)" - (N 2 C - NH,)
rupture of bonds 1~2 and 6~5
c) 119* = (B+2)* - 17 = (B+2)* - NH,

Fig. 7c is obtained by subtracting events which are not "in flight" decompo-
sitions. The metastable peaks are more easily observed.

Guanosine
Theze are four interesting peaks in the reflex mass spectrum of

this molecule : (B+28)* = 152, (B+Na+B)™ = 174, (f+B)* = 284 and

(M+Na)* = 306. In fig. 8a, is presented the uncorrelated reflex spectrum.
Fig. 8b and 8c correspond respectiv:ly to coincidence spectra with mass 306
and mass 284 of the neutral spectra. Data acquisition has beer made in a
short time and stopped when enocugh statistics were obtained. Tha two
metastable peaks 284 + 152* + neutrals and 306 + 174% + peutrals are clear-

ly seen. They are not so visible in the total reflex spectrum.

A coincidence window has aiso been put on mass 152 in the
neutral spectrum. Charged fragments with masses 109 and 135 are observed

in coincidence. The metastable transitions are

a) 1357 = B+2)* - 17 = (Be2)* - W,
b) 110* = (B+2)% - 42 = (B+2)* = (N2 C ~ ¥H,)

rupture of bonds 1-2 and 3-4

f

|
|



It is seen in fig. 8b-c that the relative ratios of the
peaks 152/174  vary with the selectad coincidence windows. True
coincidences therefore exist between ions emitted from the sample.
Protonated ions (M+H)* are desorbed with high probability with (B+#)" in
the same event. (M+Na)® ions are also correlated with (B+Na)*. By the coia-
cidence method it is posaible to select primar ' events associated with
particular ionization~desorption "exit channels”. It would certaialy be
interesting to correlate with others parameters (multiplicity, electromns
emitted from the surface and even light) a given type of in flight
fragmentations in order to obtain informati:ns on the desorption processes
since it is very likely that the ions in the gaz phase retain the memory of the
desorption process. Experimeats will be soon performed on this subject.

J-pethyl guanosine

As a thindsimple example we have taken a methylated guanosine.
Fig. 10b confirms the known decomposition
(+) ¥ = (Be2m)* + Neutrals

298 166*

A second window on mass 166 gives fragmentations similar to that

observed for the guancsine base with the transitions :

Q) 149% = (3+42)* = 17 = (342)* - WE,
b) 126% = (B+2)* - 42 = (B+2)* - (N E C ~ ¥H,)

Fig. 11 illustrates chese decomposicions.

The charged fragments in coincidences with aeutrals (deccmposi-
tion of the base) have conserved the mathyl group and this is a confirmation
of the position in 7 of the methyl group.

Conclusion
It has been showun that metastable decomposition of ions in the

field free region can be analysed with a new type of time of flight mass

- 10 -



spectrometer. The power and amalytical uetility of an electrostacic mirror
is much enhanced by spplying coincidence techniques for neutrals and icn
cime of f£light measurements. Not only single spectra (meutrals and reflex)
but also coincidence spectra sre recorded simultaneously. A 252¢¢ source
has been used for the ionization-desorprion of molucules but the methed
can be also applied to any primary source of ionizarion-desorption (keV,

Laser) and even to "spontaneous desorption” (15)im the case of aegative

ions.

It should be possible in the future to induce in flight
collisionsat a fixed position inside the time of flight tube., Then more
precise informations on the energy released during the fragmentation
process could be obtained as well as mors structural informations. Pro~
perties of time of flight mass spectrometers can be much improved by
these developments which can serve both field of applied analytical
chemiscry and basic research.
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FICURE CAPTIONS

Figure 1 :

Figure 2 :

Figure 3 :
o 1)

Figure 4 :

Figure 5 :

Schematic diagram of the apparatus. Neutral and iom trajectories

are shown. The electronic diagram is discussed in the text.

a) Time of flight spectrum of the Adenoaine“ molecular wass

region. lons and neutrals resulting from a im f£light fragmentation
are detected by the detector 2 (see fig. 1) when the mirror is not
in operation.

b) Neutrals only are detected when the mirror is active. The

counting time is the same as in a).

a) Yormal time of flight spectrum of a molecule”s solapine”with
a time of flight distance of 80 cm (mirror not active).

b} Reflex spectrum of che same molecule with the same apparatus
and the mirror active. The two vertical arrows in a) correspond

to the spectrum in fig. (b).

a) The molecular ion a* with the velocity v does not fragment and

gives a signal at t » t;+ in the reflex TOF spectrum.

b) The fragment mfl’ is emitted from the surface of the sample and

gives a2 signal at t = ty+ in the reflex TOF spectrum,

¢) The Ex.jagmcncacion or.c:u:s in flight o*=> n‘,’s + o5, oy gives a
+

signal in the neutral spectrum. o, with the velocity v (same as in

a)) is reflected at a shorter distance d{ and gives a signal at a
time ¢ = £, (tg < "—.n,’< e
In the center of uass system the total momentum is conserved :

my and mg are deflectad at certain angles (isotopic angular dis-

tribution in the CM system).




Figure

:

Figure 8 :

Figure 10:

Figure 11:

a) Neutral spectrum of the -Adenosine molecule
b) Total (or uncorrelated) reflex ion spectrum

Coincidence spectzum with a time window on mass 268 in the

n
~

neutral spectrum. The metastabla peak indicaces the fragmencation

with the lost of the sugar ooitis (see texr).

a) Uncorrelated reflex spectrum of the Adenosine molecule' (masses
below 142)

b) Coimeidence spectrum showing the main in flight fragmentations
of the base.

c) Same spectrum as (b) wich substraccion of "false" coinci-

dences (spectrum b - part of spectrum a).

a) Uncorrelated reflex spectrum of the guanosine molecule

b) Coincidence spectrum with a tize window on mass 306 (M+Na),
showing clearly the rupturs base=-sugar.

¢) Coincidence spectrum wich mass 284 showing also the rupcure

of the protonated molecular ions.

a) Uncorrelatad reflex spectrum of guanosine for masses lower
than ¥/Z = 160.
b) Coincidence spectrum with mass 152 showing "in flight" frag-

mentationsof the base.

a) Uncorrelated reflex spectrum of the 7-methyl guanosine molacula
b) Coincidence spectrum showing again the same rupture as in

fiz. 8 with a mechylated guanosine.

a) Uncorrelated reflex spectrum of J-methyl guanosine (low mass
region)

b) Coincidence spectrum with a window on 166 in the neurral spec~
trum, Fragmentation are similar to that of 152 (fig. 9) wizh the

expected differenceof 14 mass units (CH,).
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