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Summary 

A simple diode ion source has been devel- 
oped for direct observation in a mass spectro- 
meter o f  the positive ions created in an oper- 
ating diode. The ionic species accelerated 
toward the cathode were identified. The 
shape o f  the peak displayed in the spectrum is 
related to the region of  the diode in which the 
ions were formed. 

Variation o f  experimental parameters, in- 
cluding the composition of  the background 
gases, indicated that the characteristic shapes 
o f  the peaks can be related to space charge in 
the diode. This is complicated by the tenden- 
cy o f  some of  the species to fragment and 
further work is indicated before a complete 
understanding o f  the relations is obtained. 

Alkali and halogen ions were observed 
when an emission current was drawn. These 
species are assumed to be present as anode 
impurities. Heavy bombardment o f  the cath- 
ode by alkali ions is associated with an appar- 
ent increase in cathode activity. 

Heating an oxide cathode to temperatures 
as high as, or higher than, previous processing 
temperatures led to a further release o f  C02 
from the cathode. This additional release was 
not observed with the conventional mass spec- 
trometer ion source thereby indicating that 
important observations concerning the state 
of  the cathode may be missed when the ions 
which are analyzed are not created within the 
operating diode. 

INTRODUCTION 

The residual a tmosphere in an operating 

* Currently employed by Eagle-Picher Industries, 
Inc., Miami Research Laboratories, Miami, Oklahoma. 

electronic diode provides neutral species that  
cross the region where electrons are being 
t ransported from cathode to anode. The oper- 
ating voltages are usually high enough to pro- 
vide sufficient energy to the electrons to 
cause electron impact  ionization of the back- 
ground species. Many studies involving select- 
ed species and both  their positive ions 1 - 1 4  
and negative ions 15-17 have been carried 
out. The work reported in this paper differs 
from the above in that the ions originating 
from different regions within the diode were 
observed in the same spectral scan. The diode 
was constructed so that the positive ions 
formed were accelerated toward the cathode, 
but rather than impacting on the cathode 
were injected into a mass spectrometer. 

The relative behavior of selected ions from 
different regions was studied as a function of 
selected operating parameters of the diode as 
well as the composition of the background 
atmosphere. 

EXPERIMENTAL 

The experimental  device shown in Fig. 1 
was designed to be operated in the mass spec- 
t rometer  as an independent  ion source. This 
design permits operat ion of  the conventional  
mass spectrometer  ion source (CMSIS) so that  
normal mass spectrometer  spectra can be ob- 
tained. It was placed in the chamber so that  
the positive ions produced when the diode is 
operated are accelerated toward the CMSIS 
and are focused on the entrance slit to  the 
mass spectrometer .  However, the spectrum 
from the diode source did no t  superpose that  
f rom the CMSIS because the diode-created 
ions were accelerated through a greater volt- 
age after  formation.  
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Fig. 1. The experimental diode and the mass spectrometer ion source (CMSIS) configuration. 

The experimental device was installed in a 
30.5 cm radius, 90 ° magnetic sector single 
focusing mass spectrometer*. The chamber 
housing the diode device was pumped by a 
7.62 cm, three-stage, mercury diffusion pump 
with a liquid nitrogen cold trap and a thermo- 
electric chevron baffle, and was separated 
from the independently pumped flight tube 
region by a 0.005 in. slit. A background pres- 
sure in the low 10 -7 Torr region was maintain- 
ed during all experiments except those that  
involved bleeding in gases for identification 
purposes or for specific reaction studies. 

Positive ions created in the interelectrode 
region by electron impact ionization were ac- 
celerated toward the cathode (a resistively 
heated, oxide-coated nickel** strip) by an in- 
terelectrode voltage drop normally maintain- 
ed at 145 volts. A further drop of 90 volts 
between the cathode and the first plate (J1)' 
of the CMSIS was used to focus the ions on 
the analyzer section entrance slit. The above 
voltages were chosen to maximize the peak 
intensity for the ion of  mass number 16. The 
electronic power supplies for t he  cathode and 
anode were floated at the mass spectrometer 
accelerating potential (normally 2500 volts). 

* Nuclide Corporation, State College, Pennsylvania 
** International Nickel Company; Alloy No. 271, Melt 
No. NP13A5HY, supplied by Somers Thin Strip Com- 
pany. 

A schematic diagram of the electronics is 
shown in Fig. 2. 

The triple carbonate (BaCO3 -- 49 wt.%, 
SrCO3 -- 44 wt.%, CaCO3 -- 7 wt.%) used was 

AI~ 

KV 
;IS 
~LY 

25 KV ISOLATION 

TRANSFORMER 

Fig. 2. Experimental arrangement for establishing the 
potential gradients to accelerate ions created in the 
diode ion source. 
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TABLE 1 
Summary of CMSIS spectra related to cathode carbonate breakdown steps and diode spectra after cathode activation 

CMSIS spectra Diode spectra 

Temperature Observation Remarks Observation Remarks 

200 
300 
400 
500 
600 
700 
800 
900 

1000 
1100 
1200 

Start cathode H20 neutral 
outgassing precursor 
Second major H20 neutral 
cathode outgassing precursor; mass 

30 ion (binder) 
Start cathode CO 2 neutral 
carbonate decomposition precursor 

End cathode decomposition, 
residual MS atmosphere 

1300 Cathode material BaO + observed 
1400 transport observed 

Emission current 
observed 

Characteristic of 
( 1 ) anode region 
Na + , K +, F +, C1 +, O + ; 
(2) interelectrode 
region, CO +, O~, CO~ 

prov ided  by  Western Electr ic  Co.*.  The  gases 
used for  iden t i f ica t ion  and reac t ion  studies 
were o f  industr ial  pur i ty .  

The  ca thode  t e m p e r a t u r e  could  no t  be 
measured  d i rec t ly  wi th  the  d iode  ion source 
m o u n t e d  in the  mass spec t romete r .  There fo re ,  
the  ion source  was m o u n t e d  in a separate  vac- 
u u m  sys tem and a ca l ibra t ion curve was pre- 
pared relat ing f i l ament  heat ing cu r r en t  to  fila- 
men t  t empera tu re .  A cross check  was made  
by compar ing  the  t e m p e r a t u r e  ob ta ined  via an 
opt ical  p y r o m e t e r  wi th  tha t  ob t a ined  f rom a 
p l a t i num/p la t i num- -10% r h o d i u m  the rmo-  
coup le  spot  welded to  the  f i lament .  The  tem- 
peratures  ob t a ined  were cons i s ten t  and repro-  
ducible  wi thin  20 deg C. 

RESULTS AND DISCUSSION 

In order  to  ob ta in  a spec t rum f rom ions 
f o r m e d  in the  diode,  the  ca thode  mus t  be an 

INCREASING ~ MAGNETIC 
FIELD STRENGTH 

0 ~ F "  

14 15 16 18 

K* 

2 5  2B 32  3 5  3 7  ~9 '~  4 4  

Fig. 3. Tracing of a diode mass spectrum. 

* Western Electric Company, Cathode Mix No. 
144L. 

active e lec t ron  emit ter .  There fore ,  unti l  the  
ca thode  was act ivated,  the  b r e a k d o w n  of  the 
ca rbona t e  coa t ing  was fo l lowed  by  spectra  
t aken  wi th  the  CMSIS. 

The  decompos i t i on  o f  the  c a t h o d e  carbon-  
ate coa t ing  established a u n i fo rm  pa t t e rn  for  
all o f  the  ca thodes  used in this s tudy.  A sum- 
mary o f  the  major  events  in the  ca th o d e  acti- 
va t ion  and the  major  gaseous species observed 
is given in Table  1. 

When an emission cu r ren t  in the  d iode  
could  be obta ined ,  the  e lec t ron  beam in the  
CMSIS was shu t  o f f  and a mass spec t rum of  
the  ions f o r m e d  in the  opera t ing  d iode  was 
p roduced .  Table  1 gives a summary  of  the  
major  ions observed in the  d iode  spectra  com- 
pared wi th  the  ac t iva t ion  steps. A reproduc-  
t ion  f r o m  an actual  d iode  spec t rum is shown 
in Fig. 3. 

S o m e  of  the  peaks l o o k  like normal  mass 
s p e c t r o m e t e r  o u t p u t  (see 19, 23, 35, 39 and 
41 on Fig. 3), t ha t  is, t he  peaks are na r row 
and symmet r ica l  in shape. This t ype  o f  peak 
will be re fe r red  to  as a spiked peak.  Such  
spiked peaks are character is t ic  of  ions c rea ted  
in a u n i f o r m  poten t ia l  region.  In the  d iode  
device the  po ten t ia l  varies in the  interelec- 
t r o d e  region, hence  on ly  ions f o r m e d  on  or 
very  near  the  c a t h o d e  or anode  would  be 
f o r m e d  in a region of  essentially u n i f o r m  po- 
tential .  

The  second t y p e  o f  peak has tw o  dis t inct  
fo rms  b u t  is charac te r ized  in general by  a 
broad,  asymmet r ica l  shape. One fo rm has a 
un i fo rmly  increasing in tens i ty  wi th  a single 
m a x i m u m  at the  high mass edge o f  the  peak 
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(see 14, 15 and 17 in Fig. 3). 
The other form has a maximum not  only at 

the high mass edge, but  also at the low mass 
edge (see 18, 28, 32 and 44 on Fig. 3). 

If each broad peak is assumed to corre- 
spond to ions of a single mass, then these ions 
appear dispersed in mass because they were 
accelerated through different potentials and 
hence have different kinetic energies. Ions 
created at different locations in the potential 
gradient between the cathode and anode 
would have such a spread in energy. The edges 
of the peak represent the limits of the spread 
in energy of the ions; therefore, the edges of 
the peaks should be related to the cathode 
and anode potentials. Calculations using the 
mass spectrometer focusing equation, m/q = 
R2B2/2V,  where m = mass of the particle in 
kg, V = total accelerating voltage experienced 
by the ion in volts, R = radius of path in m, q 
= charge on the particle in C, and B = magnet- 
ic field strength in wb/m 2 , indicate that  the 
ions corresponding to the low magnetic field 
strength edge were created at the lower poten- 
tial. From this it can be assumed that the ions 
contributing to the left edge (low magnetic 
field strength) of an asymmetric peak were 
created in the cathode region while those con- 
tributing to the right edge were created near 
the anode region. Because the electrons that  
impact with the neutral species must acquire 
sufficient energy from the interelectrode field 
to cause ionization, the spread in the peak 
that  can be calculated in terms of the acceler- 
ating voltage is less than the impressed poten- 
tial drop of 145V. N ÷ was used as a reference 
and gave a peak spread of 110 V. 

This analysis is confirmed by the only peak 
in the spectrum that  combines both a spiked 
and dispersed shape, specifically 16 in Fig. 3. 
Peak 16 has a uniformly increasing intensity 
characteristic on ions being formed in the in- 
terelectrode region, and terminates in a spike 
that  is characteristic of ions formed on (or 
very near to) the anode. A careful indexing by 
calculation of all peaks, starting from the 
anode side, confirmed the chemical assign- 
ments. In addition, several gases (CO2, O2 
and Ar) were admitted to the ionization re- 
gion and used to confirm further the indexing 
assignments. In those cases where the isotope 
structure could be observed (C1 and K), these 
additional data confirmed the assignments. 

The spiked peak spectrum was used to 

identify the following ions; O ÷ , F ÷ , Cl ÷ , Na ÷ 
and K ÷ . In some cases, an indication of Rb ÷ 
was observed also. All of these species were 
characterized as originating on the anode of 
the operating diode via what appears to be a 
combination of heating of the anode by radia- 
tion and by electron bombardment  from the 
cathode. When these species were observed in 
a diode spectrum, a switch to the convention- 
al ion source gave a spectrum that did not 
contain these species. 

The peaks attributed to the halogens were 
observed over a wide range of operating con- 
ditions. These peaks increased in height rela- 
tive to the asymmetrical peaks as the emission 
current was increased either by increasing the 
cathode temperature or increasing Vp at con- 
stant temperature. The halogen peaks were 
observed at lower current densities than were 
the alkali peaks. 

The spikes attr ibuted to the alkali metals 
were not always observed along with the halo- 
gen ions. Their appearance was more effec- 
tively initiated by drawing an emission cur- 
rent than by increasing the cathode tempera- 
ture. The spectrum of Fig. 3 was taken at a 
time when the amount  of alkali emission from 
the diode was particularly large. The relative 
intensity of the alkali spikes increased to the 
proportions shown in Fig. 3 when an emission 
current of 16 mA was obtained at a Vp of 
145 V. This represents a current density of 
61.5 mA/cm 2 at the cathode surface, and 32 
mA/cm 2 at the anode surface. Lower values 
of the emission current were relatively inef- 
fective in generating alkali ions at this cathode 
temperature (1200°C). The appearance of the 
alkali spikes was accompanied by an increase 
in emission current for a constant applied 
voltage. In one case, as V~ was increased to 
145 V, the emission current followed the volt- 
age increase and reached 16.0 mA at 145 V; 
however, it continued to rise to 17.2 mA 
while Vp remained constant. After a few sec- 
onds the emission current decreased to about 
16.0 mA. Subsequent spectra did not  exhibit 
alkali peaks as high as those exhibited in the 
spectrum shown in Fig. 3. The increase in 
emission current at constant  Vp can be taken 
as evidence of a change in cathode activity. 
The correlation between alkali peak appear- 
ance and the change in activity suggests that  
the alkali ions lowered the external work 
function of the cathode during the period of 
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Fig. 4. Peak shape changes (for mass 28) resulting 
from variation of selected operating parameters (rela- 
tive intensity scale constant), a. The effect of lower- 
ing the cathode temperature; b. The effect of increas- 
ing Vp; c. The effect of CO 2 admission; d. The effect 
of argon admission. 

greater bombardment  leading to a more active 
cathode. 

It appears that  the anode metal itself con- 
tains the alkalis and halogens as impurities. 
Further work is being carried out to establish 
the level of sensitivity of this technique for 
these specific impurities. 

It was observed during the study that  the 
dispersed peaks with double maxima under- 
went large changes in the relative heights of 
the two maxima as operating parameters were 
changed. The major observations are summa- 
rized in Table 2. Figure 4 shows schematically 
how the spectrum peaks changed and the rela- 
tive intensities from spectrum to spectrum. 

The following observations were made 
using Table 2. 1. There is a large increase in 
the number of ions created at the cathode 
when either COz or Ar is admitted, or the 
anode-to-cathode voltage is increased. At the 
same time, the number of ions created at the 
anode remains essentially constant. The in- 
crease in the number of ions at the cathode 

occurs even though in two cases the electron 
current dropped significantly. In all cases the 
ratio of ions created at the cathode to ions 
created at the anode increased with the chang- 
es made in operating parameters. Other peaks 
in the spectrum were observed to change 
shape and height along with those of the ad- 
mitted gases. 2. A doubling of the background 
pressure, as measured by a separate ion gauge, 
appeared to result in a 30-fold increase in ion 
concentration near the cathode as observed 
via peak intensity. 

The above observations suggest that  small 
changes in electron emission can be detected 
and followed through the positive ion spec- 
trum. Further experimentation is being car- 
ried out  to establish whether the electron 
emission from the cathode is being affected 
directly or whether space charge buildup is 
the important  factor. 

The peaks at m/q of 18, 28, 32 and 44 
exhibit a tendency to produce two maxima 
while the peaks at m/q of 12, 14 and 16 tend 
to form only a single maximum. The peaks at 
m/q of 18, 28, 32 and 44 are due to ions of 
H20 ÷, CO + , O2 + and CO2 + respectively 
which are subject to fragmentation during col- 
lision with electrons emitted in the experi- 
mental diode. The peaks at m/q's of 12, 14 
and 16 are due to the monatomic species C ÷ , 
N + and O ÷ respectively and further fragmen- 
tation is not  possible. 

If a molecule of CO2 is struck by an elec- 
tron and simple ionization takes place, eqn. 
(1) describes the process. 

CO2(g ) + e -  -~ CO2 + + 2e - .  (1) 

If the electron has sufficient energy, a process 
of the type shown in eqn. (2) may occur. 

CO 2 ( g ) + e - - *  CO + + O + 2 e - .  (2) 

If this occurs, the CO2 molecule which 
could have contributed to the mass number 
44 peak is lost via fragmentation. Different 
types of fragmentation processes produce dif- 
ferent species and the energy required varies 
among processes. The asymmetrical peaks ob- 
served from the experimental diode can be 
thought  of as a plot of the relative number of 
ions reaching the detector versus energy at 
creation. The relative height of the peaks of 
m/q of 28, 32 and 44 might be lowered at 
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TABLE 3 
Cathode outgassing behavior during thermal cycling 

Cathode 
operating 
conditions 

Relative intensities for ~44//~4 
Diode source CMSIS 

Cathode temp. 
raised to 1160°C 
after 34 min at 1125 ° 

1.38 

Cathode temp. 0.66 No change 
lowered to 1100 ° observed from 

1160 ° operation 

Cathode temp. 0.96 No change 
raised to 1160 ° observed from 

1100 ° operation 

Emission 
current 

14 mA 

3 mA 

8 mA 

points along the energy distribution corre- 
sponding to processes in which fragmentat ion 
occurs. 

Further  work is being carried out  to deter- 
mine if this technique can produce data lead- 
ing to  a separation of simply ionized species 
and fragments in a complicated spectrum. 

As has been noted  above, the diode spectra 
were more sensitive to changes in diode at- 
mosphere than were the CMSIS spectra. One 
case, involving outgassing of  the cathode at 
high temperatures,  is summarized in Table 3. 
These data indicate, as has been noted  before 
by others 18, that  raising an oxide cathode to 
a temperature  higher than its previous operat- 
ing or processing temperature  can result in 
fur ther  outgassing, with COz as the principal 
species. 

Oxide materials may be t ransported by 
evaporation, by positive ion bombardment ,  or 
by a combinat ion of  these mechanisms. In the 
present investigation nondispersive X-ray anal- 
ysis of  the anode in a scanning electron micro- 
scope revealed the t ransport  of Ba and Sr at a 
cathode temperature  of 1250 ° C. At a cathode 
temperature  of 1370°C the presence of BaO + 
was observed in the CMSIS spectrum and 
spherical globules were subsequently observed 
on the anode surface. Calcium was not  de- 
tec ted using non-dispersive X-ray analysis and 
neither SrO + nor  CaO + was observed in any 
CMSIS spectra. 

CONCLUSIONS 

In the present investigation positive ions 

created during the operat ion of a simple elec- 
tronic diode were sampled and analyzed by 
mass spectrometry.  The ionic species acceler- 
ated toward the cathode were identified and 
their region of  format ion was related to the 
shape of  the mass spectrometer  peak. Changes 
in the shape of the peaks corresponding to 
ions created in the interelectrode space appear 
to be correlated with changes in the space 
charge existing in the cathode region. A de- 
crease in the amount  of  space charge led to an 
increase in the height of the peak maximum 
which corresponded to ions created in the 
cathode region. This technique appears to  be 
very sensitive to changes in the state of  the 
diode. 

Alkali and halogen ions were released from 
the anode when an emission current  was 
drawn. Heavy bombardment  of the cathode 
by alkali ions was associated with an apparent  
increase in cathode activity. The increase in 
activity was at t r ibuted to a lowering of  the 
external work funct ion by the alkali ions. 

Heating an oxide cathode to a temperature  
higher than the previous operating tempera- 
ture led to  further  release of CO z This could 
lead to  significant changes in cathode activity 
in a sealed electronic tube. 
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