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Abstract: A liquid metal ion source with multiple emission sites has been researched 
for use as ultra-precision attitude control on spacecraft. The fundamental component of this 
highly efficient thruster consists of a single piece of porous tungsten which has been shaped 
like a crown with a diameter of 9  mm by a process called micro powder injection moulding 
(µPIM). Upon infusion of this porous matrix with a liquid metal, such as indium, and 
application of several kV of potential, field emission of the liquid metal occurs from the 
sharp tips of the crown emitter. This so-called porous tungsten crown FEEP emitter gave 
very promising results and led to a follow-up activity with the intent of finding the best 
manufacturing method in order to realize its full potential. To this goal, the composition of 
the porous matrix was varied by using tungsten powder of different grain sizes and by 
changing the sintering atmosphere. From over 250 manufactured porous tungsten crown, 16 
were randomly selected for testing to evaluate their performance. Through improved 
manufacturing processes, most crown emitters reached the maximum possible performance 
by emitting ions from every single available site, but only crowns manufactured from the 
smallest tungsten grain size display the required high efficiency needed on spacecraft during 
long missions. The measured thrust range of single crown emitter lies in the range of sub-µN 
to more than 1 mN, constituting a thrust range of more than 1:1000.  
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Figure 1. Early test with porous 
tungsten crown emitter shows 18 
active needles out of 28. 

I. Introduction 
HEN a strong electric field is applied to a sharp structure, such as a needle, which is coated with a film of 
liquid metal, a high energy ion beam is field-emitted. Due to the high velocity of the positively charged ions 

and their large mass, this effect has been applied to generate thrust in so-called Field Emission Electric Propulsion 
(FEEP). The specific impulse, a measure relating the generated thrust per unit of ejected mass, of FEEP thrusters is 
in the range of 6000 s, which twenty times as high as typical chemical propulsion systems and three times as high as 
most other electric propulsion systems, such as Hall thrusters. This high specific impulse and the ability to generate 
thrust in the µN range makes FEEP thrusters very attractive for extended science missions in which ultra-precise 
spacecraft attitude control is required1. 
 

In an effort to extend the thrust range from the µN level to the mN 
level2, a highly integrated circular multi-emitter operating with the 
liquid metal indium was researched3,4. A key feature of this so-called 
crown emitter is its porous tungsten matrix through which the liquid 
metal may flow. In this manner, the flow of liquid metal is distributed 
over the cross section of the needle instead of being confined to its 
surface as in classic bulk needles5. The advantage of having this 
porous matrix is clear when potential contaminants from outer sources 
may adsorb to the needle surface and prevent further flow. In the case 
of internal flow, surface contaminants do not affect safe operation, so 
that reliability is increased. 
 
This new class of FEEP emitters uses a single piece of sintered porous 
tungsten which is shaped like a crown with 28 needle-like protrusions. 
The overall shape is given by micro powder injection moulding and 
subsequent electrochemical etching of the needle tips. The choice of 
tungsten as substrate material is related to the propellant indium 
because of its low solubility. Indium is chosen for its convenient melting point of 157°C, which means that it is solid 
during launch so that there is no risk of spillage, and easy to melt on board a satellite with low power heaters. The 
rationale of using 28 needles on a support ring of 9 mm diameter, finally, is due to optimization of the number of 
needles per area as well as issues pertaining to the volume of the propellant tank. 
 
Fig. 1 show the results obtained with this novel concept and highlight one of the remaining issues at the time – 
incomplete firing. Because the emission current needs to be distributed over as many needles as possible, maximum 
efficiency can only be achieved if all needles contribute to the ion emission. Analysis of the firing pattern suggests a 
nonrandom effect, likely related to the manufacturing stage in which the liquid metal first comes in contact with the 
porous matrix, the so-called wetting stage.  

 
Going by the hypothesis that the ultimate firing homogeneity, defined as the ratio of firing needles to available 
needles, is dominantly related to the pore size and subsequently to the wetting properties of the tungsten matrix, an 
extensive activity was initiated to optimize the crown properties for maximum firing homogeneity and 
reproducibility. 

II. Approach 
Due to the complicated interplay between pore size and wetting properties, the following scenarios of why only 
incomplete firing could be achieved are likely: 
 

 Pores might be too small for indium to pass through reliably during wetting 
 Pores might be too small, leading to large and, due to capillary forces in the propellant tank, potentially 

irreversible changes in filling depth of the pores during solidification of indium (3 % volume contraction). 
 Pores are sufficiently small to generate strong capillary forces at the needle tip and hold the liquid metal in 

place, but a different mechanism prevents operation, i.e. contaminations. 
 

W 
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Figure 2. Variations based on heritage 

In order to gain insight into the mechanism preventing complete 
firing of all available needles, a variation approach was planned 
out as shown in Fig. 2. The key parameter to be modified is the 
pore size and structure density. Using the base composition 
from heritage (0.8 µm grain size), a new batch using the same 
grain size but larger tungsten content for higher reproducibility 
was prepared (Var 1). Because this approach yielded the same 
ultimate pore sizes and densities as the crowns that have been 
tested in previous activities, this batch served as control group 
against which the two other modifications shall be compared. 
Variation 2 switched to a mean grain size of 2.5 µm while 
leaving the sintering parameters unchanged. In this manner the 
influence of grain size and resulting changes in pore sizes is 
most readily observed. The final varation (Var 3) then used a 
grain size of 2.5 µm but instead of sintering in hydrogen 
atmosphere, used vacuum to study the influence of a reducing 
atmosphere (hydrogen) on the wetting properties of the final 
product. 

 
From these three batches, a large number of crowns (i.e. more 
than 50 per batch) were manufactured and inspected for 

irregularities. Of the remaining samples, crowns are randomly selected for further processing. The electrochemical 
etching process to sharpen the crowns was then optimized for each batch individually in order to yield the ultimate 
tip sharpness of this batch. 
 
After joining of the sharpened crown to the propellant tank, the emitter is filled with solid indium and prepared for 
the crucial wetting process in which the assembly is heated to temperatures of up to 1000°C to promote bonding 
between the tungsten and the indium. Apart from heater power and temperature control, visual inspection of the 
crown during the process is a key element to successful wetting, since the degree of infusion with indium can be 
readily observed by the silvery reflective surface at this stage. 
 
Hereafter the emitter is installed in a test module and inserted in the vacuum chamber upon which high voltage (up 
to +20kV) is applied to the emitter to effectuate field emission of the indium in the needles and provide thrust. Apart 
from recording the current-voltage response of said emitters, photographs are taken during operation in order to 
quantify the degree of firing homogeneity by counting the needles which show the characteristic blue glow of 
indium. 
 
The testing procedure is scripted, so that every crown is subjected to the same conditions and yields comparable, 
meaningful results. An outline of the testing procedure is shown in Fig. 3. It consists of several distinct stages: First 
the voltage is ramped up in steps of 500 V to 15000 V, followed by a burst of maximum voltage to ‘prime’ the 
emitter for its first use. This is followed by a gradual ramp down and permits observation of the firing pattern as 
function of the applied voltage. The following triangle phase is used to establish a current-voltage relationship and 
this is followed by 3 constant thrust phases at 50, 100 and 150 µN. Finally, a second triangle-phase permits a 
comparison of the emitter characteristics before and after the constant phases. In this manner, the emitter is fully 
characterized. 
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Figure 3. Scripted test procedure for characterization of porous tungsten crown emitters. 

Figure 4. Yield ratio after powder 
injection moulding. 

Figure 5. Average crown diameter as 
function of batch composition. 

After completing this profile, the emitter is left to cool down so that the indium solidifies. This establishes a thermal 
cycle, upon which the emitter is heated to operating temperatures again and the profile is re-run to investigate 
potential changes in behaviour. 
 
After the test, the emitter is inspected by electron microscope imaging to check for any changes to the needles. First, 
the crown is viewed as-is and the last step consists of breaking the needles in order to inspect the pores deep within 
the matrix and see how the indium is distributed. 

  

III. Results 
Three batches for powder injection moulding were prepared 
according to the properties mentioned above and more than 250 
porous tungsten crowns were manufactured. The batch using the 
smallest grain size of 0.8 µm was termed WEi17 and the larger 
grain size of 2.5 µm was termed WEi20, with a suffix indicating 
the sintering atmosphere (HV for vacuum and H2 for hydrogen). 
Fig 4 shows the obtained yield after injection moulding. The main 
reasons for rejection of a crown were an overly large excentricity 
(>3.5 %) or a broken needle due to handling.  
 
Fig. 5 shows the average crown diameter as function of the batch. 
From the graph it is evident that the batch with the smallest grain 
size (WEi17H2) shows the largest degree of shrinking during 
sintering, whereas the batch with a grain size of 2.5 µm yields 
significantly larger crowns with a diameter of 11 mm despite using 
the same mould. 

 
From the remaining 200 crowns, 16 crowns were chosen for 
further processing. Table 1 shows the number of tested crowns per 
batch. The reason for having an extra 7 samples for batch WEi17 is 
that the ‘most promising’ batch shall be characterized in further 
detail. As will be shown later, the batches with the large grain size 
(WEi20) did not qualify for future emitter manufacturing, despite 
their high firing homogeneity, due to their inability to hold 
sufficiently sharp needle tips. 
 
From the different crown diameters it follows that the crowns not 
only exhibit a different pore size but also a different ultimate 
porosity. This is readily evident in Fig. 6 which shows 3 needles 
after electrochemical etching on 3 different crown types. 
Moreover, it shows that the tungsten matrix differs in its cohesive 
makeup.  
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Table 1. Sample sizes per batch 
Batch Sample size 

WEi20HV (2.5µm) 3 
WEi20H2 (2.5µm) 3 
WEi17H2 (0.8µm) 10 
Total 16 

 

 
Figure 6. Electrochemically etched needles on a porous tungsten crown emitter.  
Batches WEi20HV (left), WEi20H2 (middle) and WEi17H2 (right). 

Figure 7. Average tip radius of porous tungsten 
crowns as function of batch. 

Figure 8. Starting voltage of porous tungsten crowns 
as function of batch. 

 
 

While the two batches with large grain size and high 
porosity display a mesh of thin, interconnected 
filaments, the batch with small grain size has the 
appearance of a smooth, solid mass with interspersed 
pores. It was found that this difference in structure 
has a major influence on the ultimate tip sharpness of 
crowns. While the three crown types were etched 
with a similar procedure, the achievable sharpness of 
the needle tips varied by a large margin as shown in 
Fig 7.  
 
The reason for this large discrepancy in tip sharpness 
lay in the different cohesive strength of the crowns. 
Whereas the most dense needles could withstand 
removal of a large amount of tungsten by etching and 
yet retain their integrity, the more porous batches 
would disintegrate their tips when the trabecular 
structure became too thin during etching. For this 
reason, the average achieved tip radius for batch 
WEi20 (2.5 µm) lay in the range of 7-8 µm whereas 
the dense batch WEi17 (0.8 µm) could be sharpened 
to a range of 2-3 µm. As outlined in Refs. 6 & 7, the 
tip sharpness has a large influence on the mass 
efficiency and starting voltage of a FEEP emitter, 
which is the main reason why sharper tips are 
advantageous. 
 
Indeed, the starting voltage of the larger crowns 
differs markedly from the smaller crowns as shown 
in Fig. 8. On average the larger crowns required an 
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Figure 9. Fully active porous tungsten crown emitters. WEi20HV (left), 
WEi20H2 (middle), WEi17H2 (right). 

 
Figure 10. Firing homogeneity at various thrust levels 
as function of batch composition. 

applied voltage of 8-9 kV to effect ion emission, whereas the smaller and sharper crowns commenced ion emission 
at 5 kV. 

A. Firing Homogeneity 
During testing, a firing homogeneity of 100 % could be reached with crowns from all three batches, as shown in Fig. 
9. Not all crowns reached this goal, but a majority of them achieved an ultimate homogeneity of 90 %,  as shown in 
Fig. 10, indicating that on average 3 needles out of 28 would not show ion emission. Looking at Fig. 10, it is 
remarkable how closely the results of WEi20HV and WEi17H2 resemble each other, despite using a completely 
different grain size (and even a different sintering atmosphere). This similarity is not restricted to just the maximum 
homogeneity, but also shows itself at the three other tested thrust levels of 50, 100 and 150 µN. This indicates that 
the grain size, pore size and matrix density do not seem to play a major role in firing homogeneity.  
 
Analysis of the test 
data shows that the 
reason for the poorer 
performance of the 
hydrogen sintered, 
large grain size batch 
WEi20H2 seems to lie 
in a shorter priming 
phase, which did not 
permit all needles to 
fully activate. It is 
believed that the results 
of this batch would be 
very similar to its ‘sister’ WEi20HV otherwise. 

 
Though batch WEi20 yielded good results and 
showed no significant difference in firing 
homogeneity during testing, it does not qualify for 
use in future emitter production. The reason lies in 
the inability to manufacture sufficiently sharp 
needle tips from this batch. The consequences of 
the resulting comparatively blunt needles are a low 
mass efficiency and consequently a low specific 
impulse6,7. This, coupled with a high starting 
voltage and disadvantageous ‘low impedance’ 
current-voltage characteristic, disqualifies it from 
further use for high efficiency thrusters. Only dense 
crowns with small pores are viable candidates so 
that the sample size of batch WEi17H2 has been 
increased to 10 in order to obtain a larger set of test 
data. The maximum thrust observed in this test 
program was in the range of 1.5 mN 

B. Deep inspection 
As discussed previously, on average 3 needles out of 28 did not display any ion emission at all, even at the highest 
applied voltage level. This provided an opportunity to better understand the reason why some needles become active 
whereas others remain inactive. The orientation of the crown emitter during wetting and testing was recorded so that 
a specific needle could be identified during post-test inspection. Using an electron microscope to inspect the needle 
tips showed that the surface of needles which did exhibit ion emission were not fundamentally different than needles 
which were inactive.  
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Figure 11. Fresh fracture surface from inside a porous tungsten needle showing the indium 
(darker gray) within the tungsten matrix (light gray) 

Figure 12. Current voltage characteristic during artificial 
aging. The black dot signifies the operating point at 1mN of 
thrust. 

Upon completion of the test program the needles were broken at various heights to further investigate the surface of 
fracture. In doing so, the distribution of indium in the pores could be studied. This is shown in Fig. 11. The result 
was surprising in that there appeared to be no difference in the distribution of indium between active and inactive 
needles at any technically accessible height of the needles. Even a few tenths of mm below the needle tip, all pores 
are entirely filled with indium. This suggests that the determining factor of whether a needle fires, or not, lies within 
the very first micrometers from the needle tip. A likely explanation for the observed differences in firing behaviour 
is an overly large retraction of indium into the pores upon solidification in some needles, from where it cannot be 
pulled out anymore by the electric field due to shielding effects of the electrically conductive tungsten matrix. A 
method to reduce the likelihood of retraction is to obtain better wetting of the surface itself by employing active 
surface cleaning methods such as electron bombardment in conjunction with elevated temperatures. 

C. Artificial Aging 
One of the tested crowns was chosen for an artificial aging process in order to study the effect of prolonged 
operation on the performance. The main mechanism of aging of a FEEP-emitter is a gradual dissolution and 
consequent blunting of the needle tip. As discussed in previous chapters, this has an effect on the mass efficiency 
and starting voltage. 

Because mechanical blunting of a needle in 
the µm range was not feasible, a more 
representative method was chosen to 
degrade a crown emitter in that it would fire 
at triple its designed thrust level for 100 
hours. A porous tungsten crown emitter was 
designed to operate for several thousand 
hours at thrust levels of 0.35 mN. However, 
it is possible to generate significantly larger 
thrust for shorter periods of time. For the 
case at hand, a test at 1 mN of thrust for 100 
hours was performed with the goal to 
achieve slightly blunter needles than prior to 
this procedure. The rate of erosion is non-
linear and depends on the overall flow of 
material over the needle, along with 
localized electric phenomena (Ref. MT?). 
 
The current voltage characteristic of this test 

is shown in Fig. 12, along with the operating point at almost 1.1 mN of thrust and 15 kV. This thrust level was held 
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Figure 13. Change of average tip 
sharpness before and after artificial 
aging. 

Figure 14. Fully firing porous 
tungsten crown during the 
artificial aging procedure. 

 
Figure 15. The current-voltage characteristic is unchanged after 
artificial aging. The black dot signifies nominal thrust level. 

for 100 hours upon which the test was terminated for inspection of the needle sharpness. Indeed, as shown in Fig 13, 
it had changed from an average of 2.4 µm to 4.4 µm. During the entire test, all needles showed ion emission (see Fig 
14). Despite the unusually large demanded thrust, a very high specific impulse of 5300 s was recorded. 
 
After this artificial aging procedure, a regular test cycle was 
performed to check for any changes to the performance. In 
accordance with expectations, the specific impulse of the blunted 
crown dropped to a level of 3000 s. This again reinforces the 
importance of having sharp needle tips (i.e. in the range of 3 µm) for 
efficient generation of thrust. Apart from the decrease in specific 
impulse, the operating parameters such as onset voltage or the 
impedance did not change perceptibly as shown in Fig 15. 
 
 

 
 
 
 

IV. Conclusion 
In an effort to understand previously obtained test data of a partially active porous tungsten crown emitter for use in 
electric space propulsion, a program was performed which varied the composition of the porous tungsten matrix and 
studied its influence on the firing properties of the resulting crowns. The variation matrix consists of a batch with a 
grain size of 0.8 µm and two batches with a grain size of 2.5 µm. One of the latter batches was sintered in hydrogen 
atmosphere whereas the other was sintered in hydrogen to further study the influence of a reducing atmosphere on 
surface properties. 
 
A total of 250 porous tungsten crowns were manufactured and 16 crowns were randomly selected for performance 
testing. The focus lay on maximizing the number of firing needles per crown and choosing the batch which is most 
suited for future thruster developments.  
 
Crowns from all three batches showed good firing homogeneity, but only the densest crowns, using the smallest 
grain size are viable for use in a high specific impulse thruster due to their sharper needle tips. Inspection of the 
porous matrix after testing showed that the pores were well filled with indium and that needles which did not exhibit 
any ion emission do not lack propellant as might be expected. Instead, the results indicate that in around 10 % of all 
needles the propellant retracts deeper into the pores and cannot be extracted anymore, causing them to remain 
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inactive. On average 90 % of all needles were active and contributed to thrust. Peak thrust levels during testing 
reached 1.5 mN. 

 
One porous tungsten crown emitter was subjected to artificial aging by performing a 100 hour test at 1 mN of thrust, 
which constitutes triple the nominal thrust. During this test the crown was fully active (100 % firing homogeneity) 
and exhibited a specific impulse of 5300 s. Blunting of the needles by artificial aging was successful and yielded a 
crown of reduced specific impulse, as expected. 
 
The results are of interest for next-generation electric propulsion thrusters with a large thrust range from sub-µN to 
mN. Applications include ultra-precise attitude control of satellites on science missions. 
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