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ION MASS SPECTROMETRY A NEW METHOD FOR ATMOSPHERIC TRACE GAS ANALYSIS 

1 . INTRODUCTION 

E. ARIJS, D. NEVEJANS and J. INGELS 

Belgisch Instituut voor Ruimte-Aer onomie 

Ringlaan 3, 1180 Brussel 

Ap:ir•t from thP. wP..l l known major cornponcmts (such as nitrogP.n, 

oxygen, w;,.ter vapour, carbon dioxide and the noble gases), the atmosphere 

of the Earth contains a number of gaseous compounds (e.g. nitrogen 

oxides, methane, a.s.o), the total mixing ratio of which is of the order 

of about 700 ppm and which are mostly referred to as trace gases. 

Whereas the mixing ratio of the major gases except water vapour, 

is kept constant by turbulence up to about 100 km (region of the atmo

sphere called therefore "HOMOSPHERE"), the mixing ratio of some of the 

trace gases varies with altitude due to a combination of transport 

phenomena, chemical reactions and photodissociation. A typical example is 

the mixing ratio profile of ozone, one of the most important trace gases 

in view of its filtering effect of the harmful UV light. 

It has been discovered that trace gases down to the ppb (or even 

ppt) level can play an important role in the physicf.ll chemistry of the 

gaseous mantle of our planet. Typical exarnp 10s are : 

thP. lmportance of nitrogen oxldes or chlorinP. compounds in the 

"STRATOSPHERE" ( the region of the atmosphere where the temperature 

gradient versus altitude is positive , at our latitude between 12 

and 50 km) in the catalytic destruction of ozone, which has become 

topical in recent years, due to the discovery of the ozone hole 

over Antarctica. 

the role played by sulfur compounds, either naturally emitted by 

episodic volcanic eruptions or man made by industrial activities, 

in the formation of aerosols and their possible impact on our 

climate. 

One of the primary concerns of scientists active in the field of 

aeronomy has therefore always been to design and apply experimental 

methods to measure trace gases in our atmosphere. In this respect, much 

attention has been paid to the stratosphere where the ozone layer 

re:-;idP.s and which is rather easily accessible with balloon-borne 

instruments. 

Presently, a wide variP.ty of trace gas measuring techniques has 

been developP.d based on remote sensing (mostly optical) methods from 

ground level, balloons and satellites; as well as on in-situ measurement 

methods such as grab- or cryosampl ing of gases, followed by laboratory 

analysis with classical methods such as gas chromatography. 

- -------------------------------------------------

BELVA<:, NEWS .J 4 > Nr. 1. > 1388 > 5 - '3~ 



- h -

Recently however, it has been recognized tr1at i on mas s spectro

metry which was originrllly developed to study the identity of natural 

ions, formed by galact ~c cosmic radi a tion and subsequent ion-molecule 

reactions, may turn out to become a powerful technique for trace gas 

analysis. 

2. THE EXPERIMENTAL METHOD 

2.1. Historical background and original objectives 

As a result of the energetic radiation input to the Earth's atmo

sphere (high energy particles from the solar wind, X-rays and UV-radia

tion from the sun and cosmic rays), part of it is ionized which results 

in a rarefied plasma surrounding our planet, called the "IONOSPHERE". At 

::iltl. tudes where the densi. ty is low enough to avoid electron c1ttrlchment 

processes (roughly rlbout 60 km), this plasma cons ists of positive ions 

and electrons. Based on the average electron density profile, the 

ionosphere has been devided into three characteristic layers, as shown 

in figure 1. The D-region (60 to 85 km) is mainly produced by the 

ionization of nitric oxide by solar Lyman-a radiation (UV light at 

121.6 nm), and to a lesser extent by high energy cosmic ray ionization 

of nitrogen and oxygen. The E-region, located between 85 and 130 km, 

results from ionization of nitrogen and 

radiation. The F-region (above 130 km), 

oxygen by X-rays and Lyman

subdivided into Fl- and F2-

layers, is produced by photoionization of nitrogen and atomic oxygen by 

extreme U.V. radiation. 

Above the F-layer, which predominantly contains atomic oxygen 

ions, the electron density decreases rapidly. At higher altitudes, 

helium and hydrogen ions start to prevail and the Earth's magnetic field 

ber.;lns to plriy 8.n irnportrlnt role in thP. behnviour of the chc1rged 

particles. This upper r·egion or the atmosphere is therefore called the 

"MAGNETOSPHERE". 

The D, E and F-layers of the ionosphere play an important role in 

the reflection or propagation of radiowaves and have therefore 

extensively been studied by ground based radio-sonde techniques in 

relation with telecommunication problems. 

Radiosonde studies however, only give information about electron 

densi t.ies and do not tell us anything about the nature of the ions 

present in the ionosphere. Therefore, several experimental studies have 

been performed with rocket- or satellite-borne mass spectrometers to 

reveal the ion composition [1, 2]. 
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It tur_ped out that in the F- and E- layers, th e major ions where 
o

2 
+ and NO , f ormed e ither through direct ionization processes or 

through the ion-molecule reactions : 

+ + 
N2 + 0 -> NO + N 

+ 
( 1 ) 

➔ 0 + N2 

+ + 
0 + N2 -> NO + tJ ( 2) 

+ + 
0 + 0 ➔ 0 + 0 

2 2 
( 3) 

and to a lesser extent 

+ + 
N + 0 ➔ 02 + N2 2 2 

( 4 ) 

For the D-region however, the situation is somewhat more 

complicated. It has been suggested by Nicolet that the presence of the 

D-region was due to the photoionization of nitric oxide by solar Lyman a 

radi~tion. As a r~sult of a thP.OrP.tical study by NicolP.t and Aikin [3], 
+ + 

it was expected that the major ions in the D-region would be o
2 

and NO . 

However, the pioneering work of Narcissi and his group [4] with rocket

bornP. mass spectrometers showed that c1part from those primary ions a 

number of unexpected ions were present, which were identified as proton 
+ 

hydrat8s (PH), i.e. ions of the form H (H
2
0)n. Considerable laboratory 

and theoretical work as well as numerous in-situ measurements nave been 
+ + 

necessary to explain the conversion of the primary o
2 

and NO ions into 

the t8rminal PH [5-8]. In fact, a rather complicat8d scheme of ion

molecule reactions had to be proposed to explain this conv,:,rsion. A 

detail1C;d description of this scheme is beyond the scope of th.is paper, 

but excellent reviews can be found in the literature [9]. 
Wher8as radiosonde measurements had shown thP. near absence of 

electrons below about 70 km, the obs8rvation of positive ions and the 

electro-neutrality condition requires the presence of negative ions in 

th,:,, D-region. ThP.SA nAg:itive ions arP. formP.d by attachment of the freP. 

electrons to oxygen, followed by a set of ion-molecule reactions 

converting these "primary" ions into "tl'lrminal" ions, the nature of 

which will depend strongly on the nature of trace gases present in the 

atmosphere. The reaction scheme involved here has b8en derived primarely 

from laboratory work and confirmed by in-situ measurements with rocket

borne mass spectrometers [7, 9, 11 J. We will not go into the details of 

it here, especially because it is very similar to the one applicable in 

the lower stratosphere, which will be reviewed hereafter. 
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The main source of ionization in the altitude region 10-50 km is 

cosmic radiation. This non selective ionizing radiati on primarely yields 
+ + 

N
2 

and o
2

, as well as electrons as primary charged particles. The 

electrons however attach very rapidly to molecular oxygen and the 

resulting rarefied plasma consists of positive and negative ions. As a 

result of the very low ionization rate Q (about 5 ion pairs/cc at 25 km) 

[12] and the value of the ion-ion recombination co.efficient a (about 

5 x 10-7 cm 3 s-
1 

c.it ?.5 km) [13],thP. i o n numbP.r densi.ty is very low. In 

fact an application of the simple fJtP.1dy st.:1te equ,1tion: 

Q 2 
a n ( 5) 

-3 -1 -7 3 -3 
with Q = 5 cm s and a= 5 x 10 cm at 25 km, yields n = 3200 cm . 

Thus very low ion concentrations are expected in the stratosphere. 

The corresponding ion lifetime being very long (1 = 1/an ) , the ions 

make many collisions with neutrals before disappearing through re

combination. Some of these collisions give rise to ion-molecule 

reactions changing the nature of the ions. 

Concerning the ion composition of the atmosphere below 60 km, the 

only inform::i.tion available before 1977 , was coming from laboratory work, 

giving an insight in the possible ion-molecule reactions involved, or 

from theoreticr1.l sturlies, resulting in models extP.nding the results 

obtained for the D-region. The reaction schemes for ~he ion ch emistry in 

the lower stratosphere as proposed before 1977 are shown in figures 2 

and 3. 

As in the D-region the expected "terminal" positive ions were 

again PH. However it was realized at that time that if a trace gas "A", 

with a higher proton affinity than that of water, would exist, the 

reaction scheme shown in figure 2 could be extended and other terminal 

ions than PH might exist. The terminal negative ions expected in the 

lower stratosphere are shown on the last line of figure 3. It should be 

pointed out that apart from the terminal ions, shown in double 

rectangles in figures 2 and 3, no other ions would be measurable with a 
+ 

mass spectrometer. The intermediate ion species, such as o
4 

and o
4 

e.g., 

have a very short lifetime and disappear practically immediately. 

Apart from the models, surnmr1.rized in figures 2 and 3, no data were 

available &bout the stratospheric ion composition up to 1977. One of the 

initial objectives of a project called "ION", at the Belgian Institute 

for Space Aeronomy therefore was to build a mass spectrometer capable of 

investigating the ion composition of the lower atmosphere. This 

instrument, as well as the results obtained with it, will be described 

in the following sec tions. It will then be shown that the measurement o f 

the stratospheric ion composition can lead to a new detection method of 

some trace gases and the future possible perspectives will be discussed. 
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2.2. INSTRUMENT DESCRIPTION AND EXPERIMENTAL METHOD 

2.2.1. Measurement problems and instrument design 

The experimental problem, we are facing is to sample ions from a 

gas at a rather high pressure (several millibars) and to bring them into 

a mass spectrometer which 

which can be overcome in 

is functioning at high vacuum. This problem, 

the laboratory by differential pumping with 

high speed vacuum pumps, is far from simple if we take into account that 

the instrument has to be 1 imited in weight because it has to be taken 

into the atmosphere with a 

ballooning techni~ues allow us 

hundreds of kg (::it the start of 

limited to 350 kg in Europe). 

account that the instrument must 

balloon. Fortunately, stratospheric 

to Cilrry weights ;:is high RS several 

the project, in 1972, this weight was 

Nevertheless it should be taken into 

be independently powered by batteries 

and that it should contain adequate electronics. Furthermore, 

appropriate provisions should be made to recover the instrument un

damaged after this balloon flight, which means mounting it in a 

mechanical support structure capable of taking the landing shock. All 

this means extra but necessary weight. 

Through a series of extensive laboratory tests and three techno

logical balloon flights, a solution for all these problems has evolved 

which is shown in figure 4. This figure represents a schematic overview 

of a typical ION balloon gondola element. It contains four major parts : 

A. The high v;:icuurn p;:irt consisting of a high speed liquid helium 

cryopurnp in which the mn3~ spectrometer is built; 

8. A special opening device, which remains close<.! as long as the 

instrument is not at the altitudes, where the measurements should 

begin and which can be opened by remote control from the ground 

station; 

C. The electronic compartment, i.e. a light weight aluminium 

cylinder, sealed with a large aluminium flange on which the cryo

pump is mounted. This vessel is pressurized with dry air at one 

atmosphere • to avoid breakdown problems in some of the electronic 

power supplies delivering high voltages. It contains all of the 

electronic. modules, mounted on several platforms parallel to the 

large sea·1'.tng flange. On the latter, hermetically sealed 

connectors ~re provided for telemetry, telecommand and testing the 

instrument; .. 

D. The support ·structure and crash pad, which are made completely out 

of met .,l (;1'1.umlnlurn) to ;ivolci charp;ine:-up problems. Its geometry 

is adilptablP. to sµeclflc nP.<J<.l:J, such ns flying multiple experiment 

payloads. 
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A complete instrument module as shown in figure 4, normally weighs 

about 125 kg. A gondola used for flight normctlly consists of 2 such 

modules, packed together and completed with a telemetry package and some 

additional small instruments to measure simult;:rneously ambient pressure 

and temperature .. Progress in b::illooning techniques have in the meantime 

allowed higher payload weights and occasionally three modules have been 

combined in one gondola. In view of contamination problems heavily out

gassing materials are avoided as much as possible for the construction 

of the payload. 

2.2.2. Detailed instrument description 

The high vacuum part of a typical payload as developed at our 

institute is pictured in figure 5. It consists of a high speed cryopump, 

a sampling hole, a remote opening device and a quadrupole mass filter 

with an ion focussing device and an ion detector. 

On the downwctrd looking l;:irge fl;:inge of the cryopump, a smaller 

flange is mounted, electrically insulated from the pump body. This 

"sampling" flange can by remote control, be put on different voltages 

(draw-in potential) to attract ions. Its central part is reduced to a 

thickness of about 0.1 mm and a small hole with a diameter of about 

0.2 mm is drilled in its center. Prior to the balloon launching, this 

sampling aperture is covered with a polyimide plunger. Once the balloon 

has reached the desired working altitude (between 20 and 45 km), ar; 

opening device controlled by telecommand is activated and the plunger is 

removed, thus allowing the atmospheric air to flow into the instrument. 

The neutral gas molecules are scattered on metallic parts inside the 

instrument and absorbed on the cold walls of the liquid helium 

container. The ions however are focussed by an ion lens into the quadru

pole, where they are filtered according to their mass-to-charge ratio. 

Each ion hitting the electron multiplier gives rise to a sign::il count, 

which is treated by a pul::ie ct i.scriminator and counter and routed to an 

on board microprocessor, wh ich builds up the ion spectra sent to the 

ground station by telemetry. 

To prevent scattering of the sampled ions by background gas 

particles, to obtain proper functioning of the quadrupole filter and to 

avoid voltage breakdown in the electron multiplier a vacuum of less than 
-4 

10 mbar is required in the instrument. The outside pressure ranging 

from about to 100 mbar, one of the basic problems was to design a 

cryopump with a high pumping speed and a long standing time (a balloon 

flight can take as long as 12 hours, including launching and recovery). 

To overcome this difficulty, a liquid helium cryopump was developed in 

collaboration with Leybold-Heraeus (Koln, B. R. D.), which has been 

discussed in detail elsewhere [ 14, 15] and will therefore only be 

described briefly here. 
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The bod y o f t h e liquid hel i um cool ed c ryopump i s mad e of st ai nles s 

steel ;:ind r.1 11 flanges ar e s ea led wi th c opper or pol y imi d e ( Vespel ) 

0 -ri ngs. Th ermr.1 1 insulation of the heli um bath is achieved by a luminized 

g lass ti ssu e super-insulat ion and two copper r adi ati o n shi e lds, whi c h 

are cooled by the evaporating cold h eli um gas passing through a c opper 

sp ir 3. l .qtt ;iched t o these shields. An i nner blr1 ckened chevron baffle 

prot<;c t :, t h e h~l.lurn hilth fr om t.11 0 tl 1r, r·m.-1l r a<ii:1ti o n o f th e lo n l ens, 

quadrupo le and ion detector. With these precauti o ns, a standing time of 

about 12 hours has been achieved with a helium reservoir of 2.3 liters. 

Figure 6 gives a more realistic view of the experimental set-up. 

In the present configuration, the ion lens and the quadrupole filter are 

mounted rigidly on the sampling flange to avoid alignment problems. 

Various quadrupoles have been used in previous flights. Most 

frequentl y however, a filter with a rod radius of 6 . 3 mm and a rod 

length of 120 mm was employ ed. With a specially designed power supply 

(powered from lithium batteries), a mass range up to 330 amu could 

easily be achieved. 

In our set-up mostly used, the ion focussing device consists of a 

single cylindrical lens element put in front of a commercially available 

ionizer (Finnigan). It should be stressed that this ionizer was only 

u.9ed as a lens (putting the different e lements of it ;:it the appropriate 

voltr.1ge:,). However the fil.ament of it c;-in be oper·;ited by r·emote control, 

thus allowing a check of the instrument or in-flight calibration by 

enhancing the ~ ;on content o f the s;impled air. The electron multiplier 

used is a Spiraltron type SEM 4219. 

In the p r essurized vessel mounted above the cryopump the different 

electronic modules described in detail before [15], are housed. A block 

diagram of the on-board electronics is shown in figure 7. It contains 

the ion lens supply, a high voltage power supply for the spiraltron and 

a power supply for the Penning gauge, which measures the vacuum in the 

cryopump during flight. 

The quadrupole power supply produces the DC and RF voltages 

required to drive the quadrupole mass filter. It is designed so that the 

DC and RF can be controlled independently, allowing a great variety of 

operr1ting modes. With a quadru pole having a rod diameter of 6.3 mm, the 

pr e.'.3e nt unit covers a rnr.1co:1 ra ri t,; e from O to 330 amu r1t higt1 resolution, 

using a 1500 V peak-to-peak RF excitation at 2 MHz. 

A microprocessor ( INTEL 80 80 ) based control and data management 

unit has been included in th e instrument to enhance the performances 

[16]. This unit performs the following main tasks : 
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it controls the polarity of the ion lAns and the spiraltron hi gh 

voltage, 

it determines automaticall y th8 optimum draw-in potential f o r the 

sampling flange, 

it produces the ramping voltage t o drive the quadrupole pow er 

supply, 

it c ounts the pulses leaving the pulse bu f fer, f ollo wing the 

spiraltron and stores the values in a spectrum memory, 

it acquires important parameters of the ambient, such as temperature 

and pres sure, 

it does remote c ontrol i.ntr-rpretnti o n nnd orgn nizPs trnnsmission o f 

U1r, :ipr-c tr·um ;ind hou:, rok nr•plrig d :1ti1 ln c1n ;1l og .ind digital (PCM) 

format. 

All of thP.SA duties are gov i:: rned by softwarA stored on-board in a 

non-volatile memory. 

One of th8 key features of this unit is that, by the combinati o n 

of a si=:t of simple ti=:l8command signals, it allows the choice of 

differAnt measurement programs, such as selection of positive and 

negative ion modA, sAlAction of mass range and resolution and selection 

of a set of pre-programmed measurem,=;nt tasks. 

ThA describ1::d assembly of el8ctronic modulAS is connected to an 

indep•=md1=mt telecommand-telemPtry system (SITTEL TM-TC), which is 

delivered by the balloon launching organization (CNES, CAntre National 

d'Etud ~~ SpatialAs, Division Ball o ns, France). 

3 . EXPERIMENTAL RESULTS 

Since 1977, several ball oon flights have be ,::,n p<=>rformed with ion 

mass spectrometers to determine the natural i o n composition in the 

stratospherA. All of thASA flights were realized in Europe, at the 

launching bas As of th A CNES in Aire-sur-1' Ad our or Gap-Tallard in 

Southern France. Only two groups have been successfully active in this 

field, the group of the BAlgian Institute for Spac8 AAronomy (furthAr on 

abbreviatAd as BISA) and th8 one of the Max-Planck-Institut filr Kern

physik of HAid8lberg ( further on called MPIH). The progress in 

ballooning techniques (valve controll8d balloons, allowing slow descent 

of the balloon from cAiling altitud8 on, and high volume carri8rs, up to 

1 .000.000 cubic meters) havA ;:i,llow8d the probing of an atmospheric layer 

from roughly 20 to 45 km altitude. Tt18 r8sults of most of thes8 

mea.surP.m8nts have beP.n described 8xt ensively in thA literature (s8e 

revii::,w p;:i,pers by l\rnold [1'7] nnd Arij :1 [18, 19]). Thr:-refore, WP will 

only give a concise d escription o f it l1 r,re c1nd roc u:c; on U18 implicati o ns 

of the data for trace ga s d1::t ec ti o n. 
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3.1. Positive ions 

A typic:=il positive ion spectrum obt3ined at 35 km altitude is 

shown in figure 8 . This spectrum , which was t,iken at mod er3te 

resolution, clearly shows the major positive ions observed thr oughout 

the whole stratosphere. In fact figure 8 represents the very first 

spectrum of positive ions obtained in the stratosphere with a 

balloon-borne instrument [20]. Th8 major positive ions and their 

identific.:ition are summarized in t;:i.ble 1. The mass determinations have 

been confirmed later on by higher resolution data of our group [21] and 

results of the MPIH group [22, 23]. 

As expected from previous modelling work, one major ion family 

consists of the proton hydrates (PH), but apart from this, another group 

is found which has been called the non proton hydrates (NPH) and the 
+ 

ions of which can be represented by the formula H Xt(H
2
o)m. The presence 

of these ions can be explained by ion-molecule reactions of the type : 

( 5) 

( 6) 

and 

(7 ) 

where M is a third body reaction partner ( typically oxygen or nitrogen), 

which does not particip;:i.te in the reacUon, but carries away the excess 

energy . (Reaction (5) explains the conversion of PH to NPH fort= o). 

The molecule X should have mass 41 amu to fit into the observed mass 

pattern. Furthermore, X should also have a proton affinity larger than 

th'lt of water in order to make switching reactions o f type (5) possible. 

At present, the most likely camlict;:i.te for tt1is molecule seems to 

be acetonitrile according to laboratory work and in-situ experiments 

[24-27] . 

If we accept the formation mechanism as proposed by reactions (5), 

(6) and (7) for the NPH and assume that the NPH disappear by ion-ion 

recombination, we can write the steady state equation : 

k [X] [PH]= a [NPH] [n] 
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where k is the reaction rate c o e f fi c ient for switc hing of type (5) , a is 

the i on-ion rec ombinc1t i on coeffi c ient and [n -] represent the total 

n ega tive ion number densi t y , whi ch according t o the charge neutral ity 

equals the total positive i o n number density (squar e brackets in 

equation 8 represent total numb e r de ns i ties). 

The r 0. ;1ct l. n n r·at e coefCi r. i. 0, nt k '1 tll1 tr1e r ec ornbin ,,tion coet' fi. ci.e nt. 

have been measur ed in tr1e l:-il>0r:-ito r·y [ ;llJJ and [n -J ca n be e!.3t ima t ed f' rom 

previous parametrization studies based on total ion density in-si tu 

measurements [28]. Th erefore , tr1e number density and co ns equently the 

mixing ratio of acetonitri.le can be deduced from the ob served ratio of 

NPH/PH in a mass spectrum if we assume that the peak height in the 

spectra are representative for the ion densities. 

Figure 9 represents the mixing ratio profile of CHfN (aceto

nitrile) as derived with f or mula ( 8) f o r the different balloon flights 

performed by our group c1nd the MPIH group. The ratio R of NPH-to-PH 

abundances was derived directly fr om the spectra. For the ion-ion 

recombination coefficient, a value was calculc1ted with the expression : 

a= 6 x ,o- 8 (300/T) 1I2 
+ 1.25 x ,o- 25 [M] (3001T)

4 
( 9) 

where LM] u, the tot;1l neutr· a l <1ensity c1ml T t emperature. This 

expression results in values of a whi c h are in r easonable agreement [29] 

with laboratory data [24], th eoret ical values [30] and recent in-situ 

measurements [31]. 

Using this value of a, the negative ion number density [n J was 

derived from 

[n J = (Q/a)l/2 ( 1 0) 

wher "' r,1 ·-n~ cc1lculated according to a parametrizati on developed by Heaps 

[ 32]. 

The mixing ratio profile o f ac etonitrile as shown in figure 9 
suggests that we are dealing with a gas which is released at the Earth's 

surface, diffuses into the atmosphere and is destroyed on its way up . 

Additional evidence for this wc1s given by the measurements of Snider and 

Dawson [26], wh o detected CH
3

CN at ground l eve l by an independ en t 

method. The results of these authors are also shown in figure 9. 
Recently acetonitrile has also bee n measured by the MPIH group in the 

tropopause using aircraft-borne active c hemical ionization mass spectro

metry (ACIMS), a method which we will return to in section 4 [33]. The 

data of the MPIH group are consistent with the results of Snider and 

Dawson and the esti mation f or the upper limit of acetonitrile mixing 
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r3.t i os , deduced b y Mull er [ 34 ] from i nfrar ed s pec tra, obta in Ad at Kitt 

Peak Observato r y and allowing th A d educt ion o f trac e ga s concentratio ns 

thr ough absorptio n techniques. In order to explain thA mixing ratio 

pro fil e of figure 9 s ome mod elling efforts have been made at our 

ins t itute [35-36]. Two typi c al results o f these thP.oretical 

investiga t i o ns are r epr esented in figur e 9 by cur v es 1 and 2. The major 

difference between bo th curves is that for thP. main destruction process 

for ctt
3

c N, i.e. the reacti o n with hydrox yl radicals, reaction rate 

coefficients were used from different laboratory measurements [37-39]. 

The yearly global emission rates (thP. quantity of material released over 

the whole Earth per year) required to fit the theoretical curves to the 

exp eriment a l d;:ita (0.2411 mega t o ns f o r curve 1 and 0.094 mAg.-itons for 

curve 2) are in reasonablA agreem1=mt with estimations of the releases 

from possible sources, such as c ar exhaust gases, direct releases from 

industry and biomass burning ( wood fires a.s.o.) (36]. 

As noticed in figure 9, th e agreement between theory and 

experiment is not very satisfactory b e low 25 km altitude. The reason has 

recently been discovered and it is due to experimental problems. Labo

ratory and in flight tests [37, 40] have indeed shown that when the 

pressure 

( which is 

collisions 

surrounding the mass spectrometer is above a certain value 

th e case below 25 km), the sampl,:,d ions und,:,rgo too many 

in the jet ex pans ion r,:,gion just behind the sampling hole. 

Du,:, to the acc,:,lerating fields of the ion lens some of these collisions 

are so en,:,rgetic that the ions are breaking up into different fragments. 

Such break up effects may result in 

some NPH ions are reconverted to PH 

r::iti o to be usr;d In -=,quc1 t l.on (B). 

indicate that the correction for 

the loss of a CH'. ,l N molecule and 
.) 

ions, thus f;,lsifying the NPH/PH 

Preliminary labor·ator·y data [37J 

these electric field induced 

collisional dissociation effects are of the right order of magnitude to 

explain the discrepancies observed in figure 9. 

3.2. Negative ions 

The first stratospheric negative ion composition data, were 

obtained with a balloon-borne instrumAnt by Arnold and Henschen [41 J. 
They showed that the 2 major ion families are: 

1) N0
3

. (HN0
3

)n cluster ions as predicted by laboratory data [42] 

and the reaction scheme shown in figure 3 and 

2) ions of the type R (HR)t(HN0
3

)m. 

Arnold and Henschen [41] proposed that the latter group of ions 

orlginat,:,d from reactions of No
3

. (HN0
3

)n ions with sulfuri c acid vapour. 

This gas ls 1.ndeAd, form,~d in tl1e str•;:itosph,;,re tl1rough phot ochemic;:il 

oxidation of so
2 

as suggested by Turco et al. [43]. The rate constants 

of the reactions, 
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( 1 1 ) 

were subs eq uently measur ed in t he l aboratory by Viggiano et al. 

Reaction rates of 2.6 x ,o- 9 , 2.3 x 10 - 9 and 1.1 x 10- 9 cm 3 
[44,45]. 
-1 

s were 

found for n = 0,1 and 2 respectively. 

In 1980, Arij s et al. [46] mec1sured the fi rst high resolution 

spectra of negative i ons around 35 km. A typical negative ion spe c trum 

is given in figure 10. These mec1surements allowed an unambi guous mass 

determination of the major i ons and confirmed the Hio
4 

hypo thesi s . 

Negative ion spectra have now been obtc1ined in the altitude range from 

20 to 45 km [47 -59 ]. They all showed t hat the ma j or i o ns over the whole 
- -

altitude region were N0
3 

and HS0 4 core i ons. Variations with alt itude o f 

ion frac tional abundances are c au sed b y variati o ns in sulfuric acid 

concentration in the s tratosp h ere . 

By using a s imilar steB.dy stat8 trei'l.tment 1.s f or pos i t iv e i ons , 
-

the number density of sulfuric acid converting N0
3 

core ions into HS0 4 
core ions can again be deduced from 

( 1 2) 

+ 
where [n J is the total positive ions density, [Hio 4J the sulfuric acid 

number density, k
2 

the rate coeffici_:nt of ~eaction (11) and [n
3

J and 

[nN] the total number density of Hso 4 and No
3 

clusters respectively. A 

compilation of recent results obtained in tl1i;; way is given in figure 

11. The number densities shown in thi s 

due to uncertainties in the v a lues of 

fr om 

figure suffer fr om large errors 
+ 

a, [n J and k
2 

and due to un-

poor si g nal strength at lower certain [n
8

J 
altitudes. In 

values, 

view 

resulting 

of these uncertainties a nd possible errors o n 

altitude measurements, the data fr om different sources are in reasonable 

;-ierecm0.nt. 

Some recent mode l calculations f o r [H
2
so

4
J by Turco et al. [60J, 

represented by curves A, B, C and D ( full 1 ines above 30 km and dashed 

lines below) are also shown in figure 11. Th e dot-and-dash line G is a 

model result for [Hso
3
J [43]. Curves E and Fare summati o ns of G + A and 

G + B (or C, or D) respectively . The dashed line His a vapour pressure 

calculation of H
2
so

4 
as exp l ained in detail before [56] . 

The agreement between curve Hand the measurements in the altitude 

r egion from about 28 to 33 km suggests that in this region the H
2
so

4 
number density is controlled by the evaporation-recondensation 

equ ilibrium of aeroso l droplets. Belo w 28 km, the H
2
so

4 
vapour is 

clearly in supersaturation, suggesting that the liqu i d-vapour 

equilibrium is disturb ed by th e oxidat i o n of so
2 

v apour through the 

r eact ions 
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( 1 3) 

HSO + 0 ➔ SO + H0
2 3 2 3 

( 1 4 ) 

,rnd 

S03 +HO ➔ H SO 
2 2 4 

( 1 5) 

The main loss pr oc!':s ses for sulfuric acid vapour are inti:iract ion with 

aArosols. Above 35 km, the measurements seem to suggest a good agreement 

with curve B, obtain8d by assuming a loss of H
2
so

4 
by react ion with 

6 2 -1 
"smoke" particl8s, caus8d by a downward m8tal fl1.1x of 10 cm s from 

m8teoric debris [60]. 

Nitric acid is another important trace gas in the stratosphere. 

And its concentration can also b8 derived from negative ion composition 

data. Apart from the st8ady state m1::thod [48, 49, 53] 8Xplained in the 

previous paragraphs for CH 
3

cN and H
2
so

4
, another technique, called the 

!':quilibrium method [50, 61] can be applied h8r8. This method is based on 

the f~ct that the number den~ Lty rati o of two cluster ions from the same 
- -

family such as No
3

(HN0
3

) and N0
3

(HN0
3

)
2 

is given by : 

[NO/HN0
3 

)
2

] 

[N0
3

.HN0
3
J 

( 1 6) 

where square bra ck ets denote number densities, K is the equilibrium 

constant and p(HN0
3

) is the partial pressure of nitric acid vapour. 

Since K can bP. deduced from laboratory measurements, p(HN0
3

) can 

bi:; di:;rived from the ratio of the peak intens.ities as observed at mass 

188 and 125 in the ion spectra. 

The data derived in this way from the ion spectra, obtained at 

different altitudes, are shown in figure 12. In the same figure, these 

r!':sults are compared to model calculations and P.xperimental data 

obtained by other (mostly opticrtl) methods [62]. As can be s e P.n, above 

30 km the agreement with our data is reasonable. Below this altitude 

howi;;ver the HN0
3 

mixing ratios inferred from ion spectra are much too 

low. The r,::;ason for this is cluster break up in the mass spectrometer 
- -

which results in the conversion of N0
3

(HN0
3

)
2 

clusters into No
3

.HN0
3 

ions, thus falsifying the abundance ratio to be used in formula (16) 

[6 3]. 
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4. CONCLUSIVE REMARKS AND FUTURE PERSPECTIVES 

In the previous paragraph, it has been shown that fr om t he 

spectra of natural ions obtained hitherto, the concentration of at least 

three kind of trace gases can be derived, namely CH CN, H
2
so

4 
and HNO . 

3 . 3 
Although acetonitrile does not play an important role in any o f the 

major atmospheric cycles, some attention has been paid to it, merely t o 

obtain a consistent picture of the positive str;:itospheric ion density 

[36-37]. 

Sulfuric acid however is a much more important tr·ace ga :, s ince i t 

is the precursor of aerosols, which in the stratosphere consist o f 

microscopic droplets of water and H
2
so

4 
and may have an impact on the 

Earth's radiation budget and thus on our climate. Nitric acid is one of 

the major gases of the NO group, which actively participate in the 
X 

ozone cycle. 

So far only the major mass peaks of ion spectra have been used for 

the derivation of trace gas profiles. An investigation of the lower part 

of figure 3 however shows that the minor mass peaks can be assigned to 

the action of some other trace gases. 

and 51 amu are most probably due 
+ 

[H . CHl°H(H
2
0)n]. Also negative ion 

peaks [50], which are due to gases 

For instance, the mass peaks at 33 
to protonated methanol clusters 

mass spectra show several smaller 

so far not detected. It is evident 

that if much more sensitive ion masn spectrometers could be developed, a 

wr:;i.lth of inf'rwm;it1on rnir:l1t hr, inferTecl fr•om ion m,,:,s spectr·o,,;c tr·y. 

Presently howevr;r the mr.:?thod f'ur der· i v=1t ion of tr·ace gases from tt1e 

spectra of natural ions suffers from some drawbaks, which are : 

1 . The method is limited to those gases which intervene in the final 

stag es of the ion-molecule reaction chain leading to the terminal 

ions. 

2. Cluster break up of the sampled ions, just behind the sampling hole 

can lead to falsified results (e . g. NPH to PH reconversion) and 

should be studied more intensively before using new results of more 

sensitive instruments. 

3. The exploitation of i on mass spectra strongly depends upon the 

av;:iilability of laboratory data, such as reaction rate constants of 

appropriate ion molecule reactions and thermochemical data. 

Therefore laboratory studies should be performed in parallel with 

the in-situ measurements. 

RP.cently thP. r,roup 0f tile Max-Pl ;::inck-Insti tut fur Kernpt1ysik of 

1-!eldelberg h;is developed i1 new me thod for the derivation of tr·ace gases 

from ion mass spectrometry, which they have called ACIMS (active 

chemical ionization mass spectrometry) [64]. In this method an active 

ion source is added to the instrument and the ions formed in the atmo-
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sphere are conduc ted t o t he ma s s spectr ometer tllr ougt1 a fl o w tube, 

activated by a small turbine. This method has some distinct advantages, 

such as enhanced ionizati o n and thus higher s ignal of ions wi t l1 a 

smil.ller lifetime than the natural ions (the lifetime in this case is 

simply the time of flight in the flow tube). Due to t h is reduced life

time trace gases which intervene in the intermediate stages of the ion

chemistry may be deduced more easily. 

This technique is rather promising because a number of variations 

are possible in the future, such ;,s selective ion sources ( producing 

ions which selectively react witl1 some trace gases) . At present the 

research in our institute is directed towards that direction. 
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TABLE 1 

( 1 ) 

20 + 3 

29 + 3 

37 + 3 
4 3 + 3 
50 t 3 

55 + 3 

60 + 2 

7 3 + 2 

82 + 2 

91 + 2 

96 + 2 

99 + 2 

109 + 2 

Major positive ions as observed by the first in situ m=1ss 

spectrometer me=1surements at typical balloon flo=1t altitudes 

(35-37 km). 

Mass in amu Proposed ion clusters 

( 2) 

+ 
H (H

2
0) 

? 
+ 

H+(H 2o) 2 
H X 

? 
+ 

55 H + (H 20)} 

H+X(Hi 
73 + 1 H /(Hi)2 
7 8 + 2 H+X 2 
91 + 1 H+(H

2
0)

5 
96 + 1 H/(H20)} 

100 + H+X2 (H 20 

H+ (H 2o) 6 
114 + 2 H+X(H 20) 4 
1 1 8 + 1 H/2 CH 2o) 2 
~ 36 + 2 H+X 2 (H 2o)

3 
1 40 + 2 H x

3
(H

2
0) 

(1) llr,r. 1_20J 

(2) Ref. [22J 

X 
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Figure 4 
Schematic general view of balloon gondola element for ion mass spectro
meter. A Cryopump; B : opening device; C : electronics container; D : 
mechanic~l support structure. 



Figure 5 

Sketch of high vacuum part of the BISA ion mass spectrometer. 1 : liquid 

helium in-and output; 2 : Pyrotechnical cable cutter; 3 : opening device; 

4 : Chevron bafflAs for 1 iqu id helium container; 5 : electron multipliAr 

housing; 6 liquid h~lium rPservoir; 7: ThArmr1.l superinsulation; 8: 

QuadrupolP; 9 : l o n lPns. 

2 
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Figure 6 

Detailed vi~w of high vacuum part of ion mass spectromPter; 1 : 

electrical feed throughs; 2 : liquid helium inlet; 3 : Super insulation; 

4 : Liquid hel iumreservoir; 5 : Cable cutter; 6 : Opening d e vice; 7 : 

Electron multiplier (Spiraltron); 8 : Chevron baffles; 9 : Quadrupole; 

10: Ion lens; 11 : Polyimid e plunger. 
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Figure 11 
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Sulfuric acid vapour concentrations versus altitude as derived from 
negative ion m~8s spectra, compared to model calculations. 
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Figure 12 

♦ ARIJS et al. (1982) 
T ARIJS et al. (1982)- unpubl. 
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HNO 3 MIXING RATIO (ppbv) 

Comparison between nitric 3Cid Vrtpour mixing ratios inferred from neg3t ive ion 
spectra with other measurements and model calculations. 
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