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PREFACE 

The research reported herein was conducted by the Arnold Engi- 
neering Development Center (AEDC) for Air Force Cambridge Research 
Laboratories (AFCRL),  Air Force Systems Command (AFSC), under 
Program Element 62101F.    The results presented herein were obtained 
by ARO,  Inc.  (a subsidiary of Sverdrup & Parcel and Associates,  Inc.), 
contract operator of AEDC, AFSC,  Arnold Air Force Station,  Tennessee. 
The work was done under ARO Project No.  VF224.    The manuscript 
(ARO Control No. ARO-VKF-TR-74-14) was submitted for publication 
on January 29,   1974. 

Captain J. Calo (AFCRL) formulated the test program and assisted 
with some of the experimental w6rk. The conclusions presented in this 
report in no way reflect those of Capt J.  Calo or AFCRL. 
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1.0  INTRODUCTION 

Recently mass spectra have been obtained from cluster beams 
formed by the expansions of various water/gas mixtures (Ref.   1).    Clus- 
ter ions of the following types were observed: H+(H20)n,  (S02)n<  (NO)£ 
SC-2 (H20)n>   (S02)J (H20)n<   (NO)+ (H20)n,  NO+ (S02)n,   NO+ (S02) 
(H20)n,  (Ar)+, AR+ (H20)n,  and Ar+ (S02)n-   As a result of a presen- 
tation of these data to the Department of Transportation (DOT),  by Air 
Force Cambridge Research Laboratories (AFCRL),  Calo has defined 
the objectives of the present investigation. 

The present program evolves into essentially two subprograms: 
(1) a Mixed Molecular Cluster Program,  which is concerned with jet 
engine pollutant species and is basically stratospheric in scope and (2) 
an Ionospheric Cluster Program,  which is concerned with NO+/H20 
cluster interactions and appearance potentials of the oxides of sulphur 
from mixed clusters of H20 and S02 and H2SO4. 

The simulation of jet engine exhaust emissions will be accomplished 
by controlling the temperature, pressure,, and relative composition of 
the source gas.    The species to be considered will be S02.  NO,   CO,  C02, 
H20,  and CH4 in pure nitrogen carrier gas.    Mass spectra will be ob- 
tained for both neutral and pre-ionized expansions in order to observe 
possible shifts in mixed cluster composition, from which a determination 
as to the relative importance of neutral and ionic clustering may be ob- 
tained.    In the pre-ionized mode of operation the mass spectrometer 
ion source filament will have to be deactivated while the focusing and 
extractor potentials will still be required. 

An attempt to study the conversion of NO+ to water cluster ions in 
the absence of sunlight will be made by crossing a thermal NO+ beam 
with a neutral water cluster beam.    It is anticipated that the concentra- 
tion of possible reactive products will be low and that some effort will 
have to be devoted to the development of the photon-counting technique. 

An investigation of the species formed upon expansions of H2O/SO2 
mixtures and weak H2SO4 solutions will be undertaken in an attempt to 
determine the mechanisms responsible for the existence of the sulphur 
oxide series in the Lower D region of the ionosphere.   As a result of 
these measurements,  it may be possible to determine whether this series 
(i.e.,   sulphur oxide) results from SO2/H2O interactions or from the 
direct ion iz at ion of Sulfates. 
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2.0  APPARATUS 

2.1   MOLECULAR BEAM CHAMBER MODIFICATIONS 

A complete description of the AEDC-VKF Aerodynamic Molecular 
Beam Chamber (Fig.   1) and the associated beam detection systems is 
given in Ref.   2.    The modifications made to the chamber and associated 
detection systems are summarized in Ref.   3. 

GHe-Cooled Finned 
Array and End Plate 

Source 
Heating/Cooling 

Fluid 

Source Gas-» 

Instrument 
Table 

Thin Wall Stainless Bellows 

Oil Diffusion Pumps 

Figure 1.  Schematic of Molecular Beam Chamber. 

The molecular beam source is described in Ref.   2.    The test gas 
flows through an approximately 1-m-long tube, which vents into a set- 
tling chamber prior to exiting from a sonic orifice into the chamber. 
Heating (or cooling) fluid passing through two tubes concentric with the 
gas supply tube effectively controls the temperature of the test gas. 
Gas temperature is measured with a copper-constantan thermocouple 
located at the upstream end of the settling chamber.    The source orifice 
used in the present study has a diameter of 0. 0343 cm. 

A schematic of the gas inlet system used to produce mixtures of 
water and the gases of interest is shown in Fig.  2.    In the present ap- 
plication,  the temperature of the water boiler was held constant at ap- 
proximately 295°K.    In the preparation of the test gas mixtures of inter- 
est,  the following procedures were utilized: (1) the pressure of the gas 
leaving the gas bottles was regulated to 30 psi,  (2) the gas flow rate 
from each of the gas bottles was set at the desired value by adjusting 
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□ Shutoff Valve 

C9 Needle Valve 

Pressure 
Regulators OOOQ 

Source 

Gas Bottles Water Boiler 

Figure 2.  Schematic of gas addition system. 

To Test 
Chamber 

the needle valve downstream of the flow meter,   and (3) as each of the 
gas flow rates was established,  the pressure in the first settling cham- 
ber was measured with the pressure transducer. 

In an earlier study involving gas/water mixtures,  some problems 
were encountered with the flow of water out of the water boiler.    These 
problems have been resolved by the installation of two settling chambers, 
one upstream and the other downstream of the water boiler (see Fig.  2). 
Provision has been made to evacuate the gas addition system with a 
small mechanical vacuum pump and the molecular beam chamber cryo- 
pumps.    The molecular beam cryopumps are used to purge the gas ad- 
dition system after the use of toxic gases.    Thus,   in this manner all the 
toxic gases used in this investigation were pumped by the cryosurfaces 
in the molecular beam chamber.    At the end of a test series as these 
surfaces warm up,   the gases evolve and in the past have been pumped 
by the chamber diffusion and mechanical pumps.    On completion of the 
earlier test program (Ref.   1),   it was found that this pumping system 
had suffered considerable damage as a result of pumping these gas/ 
water mixtures.    As a result of this,   modifications have been made to 
the purging procedures to minimize damage of this type.    Dry nitrogen 
is bled into the test section,   and when the chamber pressure reaches 
600 torr,   an air ejector exhaust pump is used to evacuate the test cham- 
ber.    This ejector is able to maintain a pressure of approximately 550 
torr with a continuous inbleed of dry nitrogen and the gas evolving from 
the cryosurfaces.    The exhaust from the air ejector is vented 20 ft above 
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the laboratory roof.    It is of interest to note that this has proven to be 
a highly effective means of minimizing damage to the diffusion and me- 
chanical pumps.    However,  with gas mixtures of the types used pre- 
viously (Ref.   1) and those considered in the present investigation,   con- 
tamination of the cryosurfaces does occur,   and all the cryosurfaces have 
to be removed from the chamber and cleaned.    The mechanical and oil 
diffusion pumping system has been completely redesigned so that (1) the 
time to pump the chamber to 0. 050 torr has been considerably reduced, 
(2) in the event of a power failure the chamber is automatically isolated 
from the pumping system,   and (3) the liquid nitrogen traps on the 6- and 
4-in.  diffusion pumps have been replaced with a freon refrigerator which 
permits the continuous operation of the pumps. 

In the present study the molecular beam has been formed with a 
0. 635-cm-diam cryogenically-cooled {20°K gaseous helium) skimmer 
and a nonpumping 0. 193-cm conical collimator. 

2.2   DETECTOR SYSTEM 

A description of the modulated beam detection system used to meas- 
ure specie concentration in the molecular beam is contained in Ref. 4. 
It consists of (1) a two-slot mechanical chopper which gives equal beam 
on and off times,   (2) an EAI quadrupole mass spectrometer modified so 
that it has a range from 14 to 176 atomic mass units (AMU),  and (3) a 
lock-in (narrow bandpass) amplifier.    The pulsed molecular beam is 
crossed with an electron beam,  and the resulting ionized molecules are 
drawn into the quadrupole section of the mass spectrometer.    The re- 
sulting ion current is amplified by a 17-stage copper-beryllium (Cu-Be) 
electron multiplier. 

In an earlier experimental study of expansions of this type (Ref.  1), 
the mass spectra were obtained by manually scanning the mass range 
and recording the voltmeter signal at the mass numbers of, interest. 
Through the use of a suitably programmed PDP- 8® minicomputer in 
conjunction with a teleprinter and the mass spectrometer,   the mass 
number of interest can be selected,   and the corresponding intensity is 
automatically recorded. 

The mass range from 14 to 176 was calibrated by (1) bleeding SFs 
into the test chamber and observing the mass spectrometer settings for 
S+,  SF+,  SFj-J,  SF3,  and SF4 and by (2) observing the mass spectrom- 
eter setting for CO+,  COj,  (C02)2,  (C02)3,  and (C02)4 in a C02 
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expansion.    Provided the operating characteristics of the mass spectro- 
meter were not changed,   it was found that this mass calibration did not 
change over the time period of this investigation. 

An alternate technique for obtaining mass spectra has been devel- 
oped which involves the adaptation of conventional pulse-counting tech- 
niques to the EAI mass spectrometer.    In this application, the PDP-8 
minicomputer has been programmed to scan the mass range of interest 
and identify the mass peaks occurring over this range. 

3.0  DISCUSSION OF EXPERIMENTAL RESULTS 

3.1   PRELIMINARY EVALUATION OF EXPERIMENTAL PROGRAM 
REQUIREMENTS 

One requirement of the test program is to obtain mass spectra from 
neutral and pre-ionized expansions.    The scope of this portion of the 
test program is summarized in Table 1.    In the course of the present 
investigation,   some additional mixtures not listed in this original test 
schedule were evaluated. 

In considering the need for a pre-ionized expansion and the produc- 
tion of a thermal NO   ion beam,  an attempt was made to use a common 
source to satisfy both of these requirements.    A review of the available 
literature (e.g.,   Ref.   5) revealed that the fabrication of a source de- 
signed specifically for the production of a thermal NO+ ion beam was be- 
yond the scope of the present investigation and would not necessarily be 
suitable for both of the above requirements.    An alternate method of pro- 
ducing ions in the expansion was suggested by the work of Barreto (Ref. 
6).    Barreto was able to produce a large supply of ions in an expanding 
flow by maintaining a corona discharge upstream of a nozzle throat.    In 
this technique (see Ref.  6),  a tungsten needle is supported concentric 
with and slightly upstream of the throat and electrically insulated from 
it.    A high voltage power supply is connected between this needle and 
the nozzle, thus maintaining a corona discharge.    The gas in the region 
of the corona becomes ionized,   and ions are fed into the expanding flow. 
A source of this type was evaluated in the present investigation. 

In operation,  a corona discharge upstream of the sonic orifice was 
clearly visible.    As a result of Baretto'S work,  this discharge was taken 
to be an indication of ions in the initial portion of the subsequent expansion. 
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Table 1.  Test Schedule* 

Scries Ilur. Gun (Pressure, torr) Wüter 

0 0 N2!2000) 
N2<2000) X 

I 1 A(aooa) - 
2 A(2000) X 
3 13(2000) X 
4 C(2000l X 
5 D(2000) X 

II 1 KI2000) . 
2 02000) X 

3 HI50C) If 2(500) X 

4 Ktiooni N2(1000) X 

5 13500) N2(1500) X 

III 1 F(2000) - 
2 F(200ll) X 

3 F(1500J N 2(00(1) X 

4 F(IOOO) N2(1000> X 

5 F(SOO) N2(1500> X 

IV 1 G<2000] . 
2 G(2[IÜC) X 

3 G(I500) N2(5O0) X 

4 G(IOOO) K2(1000) X 

5 G(SOO) K2(1500) X 

V 1 rxiooo M1000) - 
2 EU 000) A(IOOO) X 
9 HI 000) B(IOOO) X 
4 ainooi co ooa) X 

5 E( 100(11 D(IOOO) X 

VI 1 FOOOO) A(IOOO) . 
2 F(IOOO) A(IOOO) X 

3 FÜOOM B(IIIOO) X 

4 F(10001 C(1000) X 

5 F( 10001 DU 000) X 

VII 1 G(IOOO) A(inoo) - 
2 G(IOOO) A(IOOO) X 
3 Gccai)] BdllOCI X 

4 GÜCOU C(IIIOC) X 

5 G(IOOO) D(IOOO) X 

VIII I ndoooi F(100i» - 
2 Hicooi F(IOOC) X 

i ra.2501 K(750) X 

4 EC 5001 l'(5IIO) X 

5 EÜ750) F(250) X 

IX 1 EUOOO) G(iaon) - 
2 F( 10001 G(ICOO) X 

3 131250) G(750) X 

4 Ed 500) G(500) X 

5 EX1750) G(250) X 

X 1 F(IOOO) G(IOÜO) - 
2 F(lOOti) G(ICOO) X 

3 FI1250) GIT50) X 

4 F(1500) GI500) X 

5 F<1750) GI250) X 

D<20}.   EX20).   17(50). 
G<400).   N2U510) 

D(20),   H20),   H5Q) 

Information tit :ic Gained 

Determine the Effects of N2 

Currier Gas 

Determine Variation of SOgOlgO),, 
with SO2 Concentration 

Determine Vjnation of NO <H20)n 

with NU Corcciitratior 

Determine Variation of CO (H20)n 

with CO Concentration 

Determine Variation or C02 {H20)n 

with CO2 Concenlrat-C'i 

Determine Van..tu-i ot NO SOa (H^OJi, 
wiM SO2 Concoiilrotuin «irnl KiTuct of 
NO and SO2 ni1 Mixed Clusters 

Determine Variation of CO SOg (H20)n 

with SO2 Concentrdlion and KITect of 
CO and S02 on Mixed Clus-tert, 

Determine Variation or CO2 S02 (H20>n 

with SO2 Concentration .md Effect of 
CO2 and SO2 

Determine Variation of NO CO (H2Ö)n 

ullli NO and COConccriti at ions 

D.'ierm.nu Variation of NO CO2 (H20)n 

with NO and CO2 

Determine Vanntior of CO CO2 (HjO),, 
with CO and C02 

Determine Effects of Entire Melange 
on Mixed Clusters at High Temperature 

Designation Gas 

A 0. 5 percent S02 in N2 

13 0. 25 percent SO2 in N^ 

C 0. 17 percent SO2 in N2 

D 235 ppm SO2 Ln N2 

E 1 percent NO in N2 

F 1 percent CO in N2 

G 5 percent C02 in N2 

N2 Pure N2 

- Denotes That the Mixture Is NOT To Be Diverted Through the Water 

x Derolea Thai the Mixture WILL Be Diverted Through :nc Water 

• Formulated by AFCRL 
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Attempts were made to determine whether Ar    and N2 ion beams could 
be formed.    In the first attempts to make these measurements,  the ion 
source filament was deactivated,  leaving the focus and extractor settings 
unchanged.    No evidence of the existence of Ar   or N2 ion beams was 
obtained.    The mass spectrometer was then replaced by a 17-stage Cu- 
Be electron multiplier mounted so that the molecular beam impinged di- 
rectly on the surface of the first dynode.    Again,  no evidence of the ex- 
istence of an ion beam was obtained. 

The failure to produce a satisfactory ion beam has resulted in an 
inability to attempt several portions of the test program outlined in the 
Introduction. 

3.2   AN EVALUATION OF THE PULSE-COUNTING TECHNIQUE 
FOR OBTAINING MASS SPECTRA 

A mass scan of the residual gas in the test chamber and a scan for 
a pure nitrogen molecular beam are compared in Fig.  3.    To obtain these 
spectra,  the mass range from 15. 2 to 159. 6 was scanned at mass incre- 
ments of 0. 1.    To obtain the mass spectra for the nitrogen beam,   it was 
necessary to correct for the background gas signal.    Two methods of 
correcting for the background gas signal were considered:   (1) obtaining 
a background gas spectrum with the molecular beam off and (2) moving 
the mass spectrometer out of the beam and obtaining a background gas 
spectrum.    Different background gas signals were obtained using these 
techniques.    Associated with the uncertainty as to the correct back- 
ground gas signal is the problem of the background signal resulting from 
the formation of metastables in the ionizer section of the mass spectrom- 
eter.    This latter problem has been identified and discussed in another 
study (Ref.  3).    Therefore,  to simplify the interpretation of the spectra 
obtained in this study,   it was decided to use the modulated beam tech- 
nique since it eliminates any need for a correction for a background gas 
signal. 

3.3   MASS SPECTRA OBSERVATIONS 

The bulk of the mass spectra that will be discussed in this section 
were obtained using the modulated beam technique.    However,   regard- 
less of the technique used to obtain the data,   suitable corrections have 
been made for the background signals discussed in the previous section. 
It should not be assumed that the spectra presented herein contain all 
the mass peaks that occur over the range of the scan.    The clusters of in- 
terest in each scan are identified in Table 1. 

II 
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Figure 3.  Mass spectra obtained using the pulse-counting technique. 
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Figure 3.   Concluded. 
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In a similar investigation (Ref.   1),  some problems were encountered 
with a lack of mass resolution at high mass numbers (i.e.,  greater than 
80 AMU).    In the present study,  considerable increases in system sen- 
sitivity have been made.    These increases in sensitivity have made it 
possible to increase the resolution of the mass spectrometer in the pres- 
ent study.    A measure of the degree of mass resolution available with 
the present system is shown in Fig.  4.    A mass scan in the region of the 
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Figure 4.   Resolution characteristics of the mass spectrometer. 
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water peak indicates that it is possible to distinguish between masses 
differing by 1 AMU at low mass numbers.    Electron impact of the SFs 
molecule produces fragments containing the two major isotopes of sul- 
phur having masses of 32 and 34 AMU.    The ratio of the observed frag- 
ments SF5/S34F5 .. . S+/S34 is approximately equal to the ratio of the 
naturally occurring isotopes of sulphur.    This indicates that the mass 
spectrometer in its present mode of operation can resolve between two 
masses at high mass numbers separated by 2 AMU. 

In the course of the experimental investigation,   it was considered 
necessary to determine the effect of carrier gas pressure upon the nuc- 
leation of water in the free-jet expansion in order to be able to interpret 
the spectra obtained for the conditions listed in Table 1.    Accordingly, 
a series of nitrogen/water expansions was analyzed where the nitrogen 
carrier gas pressure varied from 0 to 2500 torr.    The results of these 
measurements are summarized in Fig.  5.    It is evident from these 
measurements that water cluster intensity is not a strong function of 
carrier gas pressure for 750 <p^-   £2500 torr.    For carrier gas pres- 

sures less than 750 torr, nucleation of the water appears to be a strong 
function of carrier gas pressure.   On the basis of these measurements, 
no significant changes in the nucleation of water would be expected for 
the small changes in carrier gas pressure existing in the gas mixtures 
under investigation. 

T x 10' 
4 3 6 

Wit er ClllBter Hu»ber 

Figure 5.  Effect of carrier gas pressure on nucleation of water. 

15 
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The variation of water monomer intensity with carrier gas pres- 
sure is shown in Fig.   6.    (A similar variation was observed for a water/ 
argon expansion in Ref.  1).    The increase in monomer intensity with in- 
creasing source pressure for p™    > 1200 torr may be indicative of an in- 

creasing contribution from fragmentation of larger clusters in the ion- 
izer section of the mass spectrometer (cf.  Ref.  7).    Also shown in Fig. 
6 are (1) the variation of the monomer,  dimer,  and trimer intensity 
with source pressure for dry nitrogen; and (2) the source pressure at 
which massive condensation in nitrogen occurs (cf.  Ref.  3).    In Ref.   3 
the onset of massive condensation in pure dry gases has been associated 
with increasingly large contributions to the cluster signals from cluster 
fragmentation arising from electron impact.    It has been shown (Ref.   1) 
that the nucleation of water vapor in an expansion,process is enhanced 
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by mixing the water vapor with a high pressure carrier gas.   When the 
source conditions are such that massive condensation (i.e.,  the formation 
of clusters containing approximately 100 molecules) has occurred in the 
carrier gas,   it is reasonable to assume that very large clusters will have 
been formed in the water vapor expansion.    It has been shown (i.e.,   in 
Fig.  5) that for 750 £ pN   < 2500 torr the cluster intensity signals are 

essentially independent of carrier gas pressure. 

Mass spectra for the various gas mixtures listed in Table 1 are 
presented in Figs.  7a through 1.    To determine whether the nucleation 
of water has been affected by the presence of the trace gases, the water 
cluster intensities for these mixtures are compared in Fig.  8.    In this 
comparison,  the cluster intensities have been arbitrarily normalized to 
the trimer intensity.    With the exception of the large water cluster in- 
tensity data obtained with the H2O/N2/CO2 mixtures (Fig.   8c),  all of 
these data (Figs.  8a through c) are in good agreement with that obtained 
for the N2/H2O expansion (pj^   = 2000 torr,  Fig.  6).    It appears that the 

presence of trace amounts of CO2 in an H2O/N2 expansion (Fig.   8c) may 
reduce the intensity of the larger cluster signals.    In an attempt to de- 
termine whether CO2 does have an effect upon the nucleation of water, 
a CO2/H2O expansion has been analyzed (Fig.  8c).    The variation of 
water cluster intensity with the number of molecules per cluster for 
the CO2/H2O expansion is the same as that obtained for the N2/H2O ex- 
pansion,  which suggests that CO2 does not have a significant effect upon 
the nucleation of water.    However,  further experimental studies cover- 
ing a broader range of CO2/N2/H2O mixtures would be necessary to re- 
solve the apparent discrepancy concerning the effect of CO2 on water 
nucleation.    Also,  it is shown that the nucleation of water in CH4/N2/ 
H2O and CO/H2O expansions does not differ significantly from that ob- 
served for an N2/H2O expansion (Figs.  8a and b).    Some of the spread 
in these data (i.e.,  Figs.   8a through c) may be attributable to the inher- 
ent scatter in measurements of this type.    This observation is suggested 
by the data obtained for a number of N2/H2O expansions (Fig.  9).    A 
further comparison of water cluster intensity measurements is made in 
Fig.   10,  where it is shown that variations in water temperature (TQ), 
orifice size (d0),  carrier gas,  and mass spectrometer do not affect the 
form of the water cluster intensity variation with the number of mole- 
cules per cluster. 
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Figure 10.   Effect of different source conditions on water cluster intensity. 

Milne et al.  (Ref.  7,  cf.  Fig.   10) made their measurements (1) in 
a molecular beam formed by a nonpumping conical skimmer,   (2) with a 
time-of-flight mass spectrometer,  (3) with a different carrier gas,  (4) 
with a smaller orifice,   (5) under conditions of massive condensation in 
the carrier gas (inferred from the source conditions and the results of 
Ref.  4),  and (6) at a lower electron energy level.    The source conditions 
for these expansions (see Fig.   10) are such that extensive clustering 
has occurred in the carrier gas.    This implies that the flow conditions 
in the expansion should also promote the formation of very large water 
clusters.    Armstrong and Stein (Ref.  8),  using electron diffraction tech- 
niques,  have observed large water clusters consisting of approximately 
3000 molecules and having a diamond cubic crystalline structure in the 
free-jet expansion of steam.    This result suggests that a factor common 
to all the measurements presented in Figs.  9 and 10 is that in the ionizer 
region of the mass spectrometer a water-crystal beam is crossed with 
an electron beam,   the resulting variation of water cluster intensity with 
the number of molecules per cluster being representative of the frag- 
mentation of a water crystal on electron impact.    Implicit in the fore- 
going explanation is the assumption that changes in electron energy will 
change the absolute value of the cluster intensity but not the form of the 
variation with molecules per cluster.    It is suggested that this variation 
is analogous to the "cracking pattern" (or mass spectrum) that is ob- 
tained when a gas molecule is bombarded with electrons. 
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It has been shown that there is scatter in the measurements of 
water cluster intensity at the same source conditions (see Fig.  9). 
This lack of repeatability in mass spectrometric measurements was 
not observed in earlier measurements with dry gases either at AEDC 
(Refs.  2 and 3) or elsewhere (Ref.  9).    The present lack of repeat- 
ability may be indicative of some changes in mass spectrometer 
sensitivity resulting from the presence of water and,  in some instances, 
weak acidic solutions in the mass spectrometer. 

A review of the mass spectra presented in Figs.  7a through 1 indi- 
cates the presence of clusters of the following types:  (N2)n»   (S02)„, 
(C02)n.   (CH4)J,  N$(H20)n,  S05(H20)n,   (SO^ <H20)n,   CO$(H20)n, 
(C02)2(H20)n,  NCr<H20)n,   S02N2,  NO+N2,  NO+S02,  NO^N2H20, 
NO

+
S02H2OJ  NO+S02H20,   (CC^ S02,   (C02)+SC>2,  andNO+C02. 

The intensities of these signals relative to that of the nitrogen monomer 
are summarized in Table 2. 

It is of interest to ascertain the effect of various trace gases upon 
the nucleation of nitrogen in dry gas mixtures.    Changes in the nitrogen 
nucleation process should be accompanied by changes in the monomer- 
dimer ratio.    For expansions of N2,  N2/SO2,  N2/NO,  N2/CO,   and 
N2/C02>   it has been found (see Table 2) that the corresponding values 
of the monomer-dim er ratio were 136,   166,   140,   90,   and 634.    These 
measurements indicate that nitrogen dimer formation is inhibited by 
S02 and C02,  unaffected by NO,   and enhanced by CO. 

It is important to remember that the ratio of the two masses 28 and 
56 are not representative of the N2/(N2)2 ratio since there can be con- 
tributions to the mass 28 signal from the presence of CO and C02 in 
the molecular beam. 

The effects of NO,  SO2,   C02,  and CO on the nucleation of nitrogen 
in three component gas mixtures are summarized in Table 3.    It can be 
seen that the effect of the addition of NO,  S02,  and CO to an N2/C02 
beam has the same qualitative effect as that observed when these gases 
were added to nitrogen alone.    Similar qualitative effects are observed 
when these trace gases are added to N2/SO2, N2/NO,  and N2/CO mix- 
tures.    Also shown in Table 3 are values of the N2/(N2)2 ratio for the 
one-, two-,  and three-component gas mixtures with the addition of water. 
The addition of water to these gas mixtures results in a considerable de- 
crease in nitrogen dimer formation. 
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Table 2.   Data:Summary 

Pressure,  torr Signal Ratios 

N2/ N7/ Mixture 
N2 H20 S02 NO CO CO2 N2/ N2/ NP/ N2/ so2/ N2/ N2/ N2/ NO/ N2/ C02/ N2I N2/ N2/ N2/ N2/ N2/ N2/ CO/ CO/ CO/ co2/ co2/ co2/ 

(N2>2 H(H20) S02 II? SO2 (SOa)2 N2 H20 S02 H20 NO (NO)2 NO N2 NO H20 co2 (C02>2 N2 C02 CO2 H20 <C02>2 H20 NO SO2 NO SO2 H2O co2 so2 NO CO2 (CO)2 CO H20 COH20 <co2)2 CO2 (H20) H+ (H20) 

N2 
2.000 -- 100 

N2 
2, 000 136 

Na/H2ü 2.000 17 780 1, 100 

N2/ao2 1, 990 10 156 30 580 8 

N2/K02/H20 1, 090 17 10 17.000 7,428 20 25.000 30 25, 000 3,870 

N2/NO 1.980 ?0 140 54 40 2, 0G0 

N2/NO/H2O 1, »80 17 20 22,500 2,000 13. 500 54 -- 6,000 5.000 

N2/N0/H2O l.yyo 17 10 30,000 1,400 >30. 000 128 ... 9, 140 7,500 

N2/C0 1,980 20 90 

N2/CO/H20 1. 080 17 20 1. 600 1.3G0 

N2/C:O/H2O 1, 990 17 10 800 2,220 

N2/C:O2 l.aoo 100 634 5. 1 6.6 330 

N2/C02/HaO 1.900 17 100 984 18 23 3,375 1,200 4,900 

N2/C02/H20 1,050 17 50 761 39 23 ... 2.000 17.000 

N2/NO/SO2 1.085 5 10 15b --- G4 570 13.5 80 23 1. 150 740 

N2/NO/SO2/H2O 1.985 17 5 10 1. 600 1, 150 47 45 4.000 1,850 84 340 20. 000 200 4.500 0,700 . 
N2/CO/S02 1. 085 5 10 100 50 600 12 

N2/CO/S02/II20 1.085 17 5 10 1. 300 1,000 84 9,500 50 16. 500 2,800 

N2/C02/S02 1,945 5 50 500 47 800 (1.5 13 9.0 560 320 _• - 
N2/C02/S02/H20 1,945 17 5 50 20.000 250 26 7,500 27 ?.. 100 850 19 600 5.400 6,400 :j" 

N2/CO/NO 1, »no 1U 10 115 120 1.400 ?.. 
N2/C0/NO/II2O 1,980 17 15 5 700 2, 100 12. 000 115 11,500 6.000 

N2/CO/NO/H2Ü 1,980 17 10 10 980 2, 000 9. 700 110 18,000 6, 700 

N2/NO/CO2 1.940 10 bO 640 520 16 1,750 12 6.0 530 230 

N2/WO/CO2/II2O 1, 040 17 10 1)0 2,500 700 1. 850 75 4. 500 13 21 1,500 1, 100 7, 500 

N2/N0/CO2/H2O 1,940 17 15 25 1,800 660 4, 000 55 26 23 1,900 

N2/CO/C02 1,040 10 50 280 11 5 100 

N2/CO/C02/H20 1.040 17 10 50 2, 200 930 13. 000 22 29 2,600 13.000 

N2/CO/C02/H20 I.9G0 17 15 25 ... 730 2.000 21 26 2,700 , 
CO 2.000 190 

CO/H2O 2.000 17 
400 3,000 1,000 

C02 

CO2/H2O 

1. 000 

1,000 17 

10 

no 300 220 
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Table 3.   Effect of Trace Gases on the Nucleation of Nitrogen 

Gas N2/^2>2 Gas                  |   N2/(N2)2 Cas N2/«N2)2 Gas N2/(N2)2 

Pure Nitrogen ISxpa-nFion, ^2.MN2)2 c 136 

N2/C02 

N2/C02/KO 
N2/C02'S02 
N2,'C02''CO 

6J4 

G40 
500 
280 

N21SO2                          1         ICH 
N2/S02/NO                         155 
N2/SO2/CO                 >         100 
N2/S02'CO2                        533 

N2/NO 
N2/NO/SO2 
N2/NO/CO 
N2/KO/OO2 

140 
155 
115 
£40 

Sg/CO 
X2I COI NO 
N2/CO/S02 

.\2yco/co2 

to 
115 
100 
280 

Xitrogcn/Wa%er Expansion,  N2/(N2>2 ™ 7**0 ■ 

N2/CO2/H2O 
N2.'COj/NO,'H20 
N2/CO2/SO2/H20 
N2/C02/CO/H20 

2.500 
20. 000 
2.200 

1                        I 
N2/S02/H20                    17.000     I  N2/NO/ll20 
N2.'S02i'KO,'H2O      .         l.ärc       .S2.'NO.'S02''H20 
N2/S02i'CO/H2O      i         1.300        N2/NO/CO; HaO 
N2/SO2/CO2/H2O         20,000    | N2/NO/CO2/H2O 

22, 500 
1. P00 

UR0 
2.500 

N2/co/H2o 
NJ/CO/NO/HJO 

N2/CO/S02,'H20 
N2/CO/CO2/H2O 

1. 600     1 
PRO 

1. 300 
2. 200     1 

There are a number of possible explanations for this reduction in 
nitrogen dimer formation in mixed gas expansions.    The presence of 
the additives changes the average molecular weight and specific heat 
ratio of the expanding mixture,  resulting in a change in the flow condi- 
tions in the expansion.    However, the concentrations of the additives 
are so small that the resultant changes in the pressure-temperature 
characteristics of the expansion would be expected to be minimal.    It 
has been shown (Ref.   10) that when massive condensation occurs in a 
free-jet expansion there is a significant increase in the effective stag- 
nation temperature of the gas through the addition of the heat of vapor- 
ization to the noncondensed gas.    From a consideration of the expansion 
characteristics of pure nitrogen,   it can be shown that the flow conditions 
are such that the trace gas becomes supersaturated early in the expan- 
sion.    Recently,   Lewis and Williams (Ref.   11) and Lewis et al.   (Ref. 
12) have made detailed studies of the condensation process in argon and 
nitrogen free-jet expansions.    One of the conclusions drawn from these 
studies is that the onset of condensation in free-jet expansions occurs 
at low levels of supersaturation.    The saturated vapor characteristics 
of the trace additives in the present study are such that they will con- 
dense earlier in the expansion than does nitrogen.    Thus,  the heat of 
vaporization of the trace additives is available to heat the noncondensed 
nitrogen and thus inhibit the formation of dimers in the nitrogen flow. 

Some measurements have been made of the monomer-dimer ratio 
of CO2,  SO2,  and NO for both wet and dry expansions.    (No data could 
be obtained for CO since it could not be distinguished from N2. )   These 
monomer-dimer ratios are summarized in Table 4.    The values of 
these ratios for the trace gases in the dry mixtures correspond to the 
values observed in pure gas expansions where it is considered that 
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massive condensation has occurred (see Refs.   1 and 3).   If it is accepted 
that the value of the monomer-dimer ratio is related to the degree of con- 
densation in the gas,  then it can be assumed that massive condensation 
has occurred in the trace gases.    Thus, the heat of vaporization of these 
gases is available to heat the nitrogen and,  as has been stated earlier, 
inhibit the dimer formation in the nitrogen expansion. 

Flow conditions in these expansions are such that water can freeze 
close to the sonic orifice.    Thus,  the heat of vaporization of water will 
be added to the flow upstream of the point in the expansion where any of 
the trace gases can condense.    As was the case for the nucleation of ni- 
trogen,  the addition of this heat resulted in a decrease in trace gas 
nucleation (see Table 4). 

Table 4.  Nucleation of Trace Gases in Mixed Gas Expansions 

Gas C02/(C02)2 Gas C02/(C02)2 Gas NO/(N02)2 

K2/C02 

N2/C02/N0 
N2/C02/S02 

N2/C02/C0 

N2/C02/H20 
N2/C02/N0/H20 
N2/C02/S02/H20 
N2/C02/C0/H20 

6.6 
5.7 
9.0 
5.4 

23 
21 

600(?) 
29 

N2/S02 

K2/S02/NO 
N2/S02/CO 
N2/S02/C02 

N2/S02/H20 
N2/S02/NO/H20 
N2/S02/CO/H20 
N2/SO2/CO2/H2O 

8.0 
13.5 
12.0 
8.5 

30 
45 
50 
27 

N2/NO 
N2/NO/S02 

N2/NO/CO 
K2/NO/C02 

N2/NO/H2O 
N2/NO/SO2/H2O 
K2/NO/CO/H2O 
N2/NO/CO2/H2O 

40 
23 

16 

340 

Wegener (Ref.   13) states that in expanding flows practically all the 
water vapor initially present in the gas condenses.    Wegener observes 
that (1) the condensate formed in this process is comprised of ice crys- 
tals varying in diameter (depending upon source conditions) from 0. 04 
to 0. 12 n,  (2) the crystals are formed in a very small region of the 
expansion,   and (3) after these crystals have been formed in the flow, 
smaller clusters cannot exist.    (This supports the suggestion made 
earlier that the observed water cluster signals result primarily from 
fragmentation of crystals in the ionizer section as a result of electron 
impact. )   The above results have been obtained from experiments in 
nozzles where the typical time of flight of a sample volume from the 
location of saturation to the onset of measurable condensation ranges 
from 10 to öO/Lisec.    Wegener considers that this is too short a time 
for there to be any buildup of appreciable amounts of condensate by 
heterogeneous nucleation,   even though there may be large concentrations 
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of foreign nuclei.    Buckle and Pouring (Ref.   14) confirmed this hypoth- 
esis when they found that the addition of significant quantities of silver 
iodide particles (ranging in size from 0. 1 to 1. 0 /u) had no discernible 
effect upon the condensation process. 

A characteristic of expansions from sonic orifices is that the time 
of flight of a sample volume from saturation to the onset of measurable 
condensation is considerably less than that for expansions from the noz- 
zles discussed by Wegener (Ref.   13).    Thus,  heterogeneous condensation 
on foreign nuclei in a free-jet expansion is not likely to be significant. 
Daum and Gyarmathy (Ref.   15) have also shown that heterogeneous con- 
densation is not detectable in flows with high rates of expansion.    It is 
for this reason that the water,   CO2,   SO2.   CO,   and NO clusters present 
in a nitrogen expansion do not increase the degree of nucleation of ni- 
trogen. 

Fricke et al.  (Ref.   16) have made measurements of ion phase sig- 
nals in a series of water vapor free-jet expansions.    In a modulated 
molecular beam,   it can be shown that the phase of the ion signal con- 
sists of two parts because of the flight of the neutral particles from the 
beam modulator to the ionizing region of the mass spectrometer,  and 
the flight of the ionized particle in the mass spectrometer filter section. 
The phase of the ion signals was obtained for a series of water vapor 
pressures ranging from 20 to 370 torr.    Fricke et al. (Ref.   16) found 
that with increasing source pressure the ion signals contained increas- 
ingly large contributions from the dissociative ionization of larger clus- 
ters and that the phase lag of these signals increased.   This indicates 
that the speed of these large clusters decreases with increasing source 
pressure.    Fricke et al.  (Ref.   16) have taken this continuing change in 
phase with increasing source pressure to indicate that "the free-jet ex- 
pansion is far from being fully developed. "   It is suggested that these 
results can be taken to support earlier suggestions that large crystals 
are formed in the expansion.    There is experimental evidence (Refs.   3 
and 10) which indicates that large clusters formed in free-jet expansions 
of argon and nitrogen travel at significantly slower speeds than the non- 
condensed portion of the flow. 

In the formation of the mixed clusters CO2 (H2),  SO2 (H2O),  and 
NO+(H2O) (see Table 5) the experimental data is too limited to draw any 
quantitative conclusions.    However,  the intensity of the CO2 (H2O) and 
NO   (H2O) clusters appears to be independent of other trace gases, 
whereas the SOjj H2O cluster intensity is dependent upon the presence 
of other trace gases. 
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Table 5.  Effect of Additives on Mixed Cluster Formation 

Gas N2/C02 H20 Gas N2/S02 H20 Gas N2/NO H20 

N2/CO2/H2O 
N2/CO2/NO/H2O 
N2/CO2/SO2/H2O 
N2/C02/CO/H20 

2000 
1100 

1300 

N2/S02/H20 
N2/S02/N0/H20 
N2/S02/CO/H20 
N2/SO2/CO2/H20 

3870 
1850 
2800 

850 

N2/NO/H20 
N2/NO/C0/H2O 
N2/NO/CO2/H2O 
N2/NO/S02/H20 

7500 
6700 
4500 

Attempts have been made to measure the intensity of clusters of the 
following types:   NO+S02 (H20)n,   C02 S02 (H20)n,   CO+ S02 (H20)n, 
NO+ CO (H20)n,  NO+ C02 (H20)n,  and CO*C02 (H20)n.    A trace of one 
of these clusters,  NO+S02 (H20)J  was observed.    It'has been shown that 
the formation of nitrogen dimers in a free-jet expansion is considerably 
reduced by the presence of small quantities of water in that expansion. 
It is considered that clustering of the trace additives will be affected in 
a like manner.    This factor, together with the small quantities of addi- 
tives present in the mixture,  has evidently resulted in either the non- 
formation of hydrated mixed clusters or signal levels so low that they 
are beyond the range of the present system.    The fact that one such 
mixed cluster (i.e.,  NO+S02(H20)) has been observed suggests that the 
second possibility mentioned above may be correct. 

On the basis of the present experimental study,  there is evidence 
to suggest that massive condensation occurs in the carrier gas,  the 
water vapor,  and the trace gases.    However, under these test conditions, 
the formation of mixed gas/water clusters has been insufficient to make 
studies of the nucleation characteristics of such clusters.    On the basis 
of the present results and those obtained elsewhere (Refs.  6,  7,  8,   13, 
and 16),   it can be assumed with some certainty that ice crystals are 
formed in these expansions.    These crystals are of such a size (see 
Refs.  8,   13,  and 16) that they travel at the speed and temperature at 
which they were formed.    Prior to any condensation in the trace or 
carrier gases,  the individual gas molecules reflect the temperature 
existing at each point in the expanding flow.    In the mixed gas expan- 
sions, cold gas molecules will impinge on relatively warm ice crystals. 
Under these conditions,  it is unlikely that the cold molecule will be ab- 
sorbed by the warm surface and form a mixed cluster.    It is suggested 
that in expansions of this kind there are very few noncondensed water 
monomers available for the formation of mixed clusters.    This fact is 
illustrated by the fact that the ratios N2/C02 H20 and N2/NOS02 H20 
are approximately 10^ and 7 x 10^,   respectively.    As noted earlier 
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(i.e.,   in Ref.   3), the dynamic range of the present mass spectrometer 
system is limited to approximately 104 as a result of metastables formed 
in the ionizer section impinging on the first dynode of the multiplier. 
Thus,  this lack of dynamic range,  coupled with very low signal levels 
for the mixed clusters,  has resulted in an inability to obtain sufficient 
mixed cluster data from which cluster kinetics data may be derived. 

An attempt was made to determine whether ionization of the gas 
mixtures before expansion affected the degree of condensation in the 
subsequent expansion.    It was found that a satisfactory corona discharge 
could be maintained in an N2/H2O expansion from a 0. 318-cm-diam 
orifice.    The water cluster spectra obtained with no ionization is shown 
in Fig.   10.    The effect of ionization was to reduce the intensity of mono- 
mer signal by approximately 50 percent;  there was no discernible effect 
upon the intensity of the larger clusters.   On the basis of these meas- 
urements,   it appears that for these source flow conditions,   ionization 
does not have a significant effect upon condensation.    This is not an un- 
expected result if it can be assumed that in the nonionized expansion the 
bulk of the water vapor is condensed (see Ref.   13).    It is possible that 
ionization can affect the rate at which condensation takes place,  but it 
is unlikely that it can have a significant effect upon the total quantity 
condensed. 

Three sulfuric acid expansions were mass analyzed:  (1) air at 730 
torr bubbled through a 2-percent solution by volume of H2 SO4,  (2) air 
at 730 torr bubbled through a 10-percent solution of H2 S04,   and (3) 
nitrogen at 700 torr bubbled through a 10-percent solution of H2 SO4. 
A considerable effort was directed toward detecting the presence of Sul- 
fate ions and their fragments.    If such ions or ion fragments are present 
in these expansions,  they exist at levels beyond the range of detectability 
of the mass spectrometer. 

4.0   CONCLUSIONS AND RECOMMENDATIONS 

In the free-jet expansions of various gas mixtures,  clusters of the 
following types have been observed:  (I^)^   (NO)n,   (C02)n>   (S02)n, 
(CH4)+    N5(H20)n,  NO+(H20)n,   SO^{H20)n,  (S02)i (H20)n,   COi(H20)n> 

(C02)2(H20)n,   S02N2,   NO+N2,   NCrS02,   NO+N2H20, NO+S02 H20, 
CO2SO2,  (C02)2S02,  andNCTCO2.    These measurements demonstra- 
ted that it was possible to form the mixed clusters of interest in a free- 
jet expansion. 
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The existing mass spectrometer configuration is such that a modu- 
lated background signal derived from metastables formed in the ionizer 
section effectively restricts the dynamic range of the system to lO**. 

A corona discharge initiated upstream of the sonic orifice intro- 
duced into the flow a copious supply of ions which had little or no effect 
upon the nucleation of water in an N2/H2O expansion.    Presumably,  the 
reason for this is that the bulk of the water vapor was already being 
condensed in the absence of the ions. 

Expansions of N2/H2 SO4 and Ar/H2 SO4 were analyzed,  and no 
sulfates were detected.    Either sulfates were not formed,  or the signals 
were too small to be detected. 

When the objective of an investigation is to obtain information con- 
cerning the kinetics of cluster formation,   it is necessary to determine 
whether a particular ion signal derives from a singly ionized particle 
of that mass number or is an ionized fragment of a larger, cluster.    In 
order to determine the relative magnitudes of the primary and frag- 
ment ions,   it is necessary to measure the velocity and intensity of 
these ion signals. 
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