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Investigation of the radial scale effect on low-power cylindrical Hall thrusters has been undertaken

by comparing the thrusters with three different channel diameters of 28, 40, and 50 mm. The

investigation found that both the anode efficiency and the thrust of the larger thruster are higher as

the anode power is raised. On the other hand, higher current and propellant utilizations are achieved

for the smaller thruster, which is due to higher neutral density and better electron confinement. The

large plume angle of the small cylindrical Hall thruster causes thrust loss, resulting in the reduction

of anode efficiency. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4820774]

Hall thrusters have recently gained much attention due

to their advantages of a simple structure and power configu-

ration that are suitable for advanced missions, especially for

micro and small satellites.1 Such applications of Hall thrust-

ers generally require compact size, reduced mass and electric

power below a few hundred watts. Therefore, a miniaturized

discharge channel and large magnetic field are required in

order to preserve sufficient ionization efficiency with a rela-

tively low mass flow rate of Xe propellant.

Generally, the sub-kilowatt class low-power Hall thrust-

ers are designed by scaling down of the well optimized, larger

Hall thrusters.2–4 Scaling laws for conventional annular

thrusters (AHTs) have been studied5–10 with respect to the

mass flow rate and anode power, and applied to develop

AHTs with various power levels. The small physical dimen-

sion of the conventional Hall thrusters, however, leads to dif-

ficulty in achieving an optimal magnetic field because of

limited space for magnetic poles and/or heat shields.11

Magnetic field configuration is closely related to particle loss,

electron transport, heating, and erosion issues. Therefore,

scaling down of thrusters usually brings about reduction of

the overall thruster performance in terms of thrust, thrust effi-

ciency, and lifetime.12 It is known that 200 W class AHTs,

such as BHT-200,13 X-40,14 SPT-30,15 T-27,16 operate in the

anode efficiency range of 20% – 40%.

On the other hands, compared to the AHT, the cylindri-

cal Hall thruster (CHT) having large volume-to-surface ratio

due to removal of the inner section has been investigated as

a means of improving the performance of compact Hall

thrusters.12,17–20 The cylindrical Hall thruster achieved anode

efficiencies of about 20%–30% for anode power smaller than

200 W, but higher efficiency of 33%–41% has been obtained

with “cathode overrunning” effect.21 For CHTs, however,

the difference in the magnetic field configuration from AHT

due to the short inner core of CHT is known to result in quite

different underlying physics in CHTs.12,17–20 Thus, the

design of CHT will deserve a separate investigation for bet-

ter understanding and perhaps improvement of the perform-

ances. In this paper, we study the effects of channel size on

CHTs from the viewpoint of performance optimization.

Previously, the performance of CHTs in relation to channel20

and the annular length22 was investigated for low-power

CHTs. In this study, the performance of three CHTs with dif-

ferent diameters is compared under various operation condi-

tions to investigate the dependence on radial size at a similar

input power level.

The CHTs under experiment consist of a boron nitride

channel, a stainless steel anode that also serves as the Xe gas

distributor, and a magnetic circuit as illustrated in Fig. 1. The

magnetic circuit comprises inner and outer coils and an iron

disk placed between the two coils. Experiments were carried

out with three different thrusters having diameters (D) of

28 mm, 40 mm, and 50 mm, respectively. The channel length

(L), defined as the distance between the anode and the thruster

exit, was fixed at 24 mm, and the iron disk was placed at

10 mm from the thruster exit for all of the three thrusters. In

the present study, the currents of the outer and inner coils

were co-directed to produce an enhanced axial magnetic field

and a stronger magnetic mirror effect. The magnetic field con-

figuration was optimized to have the discharge stable with the

minimized discharge current at the same Xe flow rate to com-

pare the best performance for each thruster.

Figure 2(a) shows the calculated vacuum magnetic field

lines in the discharge volume. As shown in Fig. 2(b), the

magnetic field strength averaged over radius |B|ave at the opti-

mized field configuration for each thruster is larger for a

smaller thruster. In addition, although the maximum field

strengths of the radial magnetic field Br for each thruster are

similar at the outer channel wall (340–350 G), the axial (Bz)

and radial fields (Br) are larger for a smaller thruster [Fig.

2(c)]. In these experiments, we find that a small thruster
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requires a strong magnetic field to operate under the opti-

mized condition, which is related to electron confinement.

Through the experiments, the cathode keeper current

and Xe flow rates were fixed at 1.6 A and 1 sccm, respec-

tively. The 28, 40, 50 mm CHTs were operated at 3–6 sccm,

3–7 sccm, and 4–7 sccm Xe flow rates at the anode, respec-

tively, at 225–350 V anode voltage. The experiments were

performed inside a vacuum chamber of 3 m in length and

1.5 m in diameter, while the operating pressure was kept

below 13 lTorr in the presence of continuous Xe flow. The

thruster was mounted on a pendulum-type thrust balance,

and the displacement of the thrust balance generated by

plasma operation was measured by the combination of a

laser and a position-sensitive diode detector. The ion energy

distribution function (IEDF) and the plasma plume angle

were measured by a retarding potential analyzer (RPA) and a

Faraday probe, respectively. In this paper, we define h90 and

h50 as plume angles that contain 90% and 50% of the total

ion current, respectively, based on the angular ion beam cur-

rent with respect to the thruster axis (z-axis in Fig. 1). Both

the RPA and Faraday probe were mounted on a rotational

motion stage with a radius of 37 cm centered at the thruster

exit. Details of the measurement method of the probes are

found elsewhere.7

The charge exchange collisional mean free path between

the Xeþ ion and background Xe neutral kcx
i;n

ð¼vi=ðnnhrcx
i;nviiÞ, where vi, na, and rcx

i;n (Ref. 23) are the ion

speed, background neutral density, and charge exchange

cross section between Xeþ ion and neutral, respectively) at

13 lTorr operating pressure is 440 cm for 300 eV ions. On

the other hand, the elastic collision mean free path kec
i;n

(¼vi=ðnnhrec
i;nviiÞ, where rec

i;n (Refs. 24 and 25) is the Xeþ ion

and neutral elastic collision cross section) is 72 cm.

Therefore, both the charge exchange reaction and elastic col-

lision mean free paths are longer than the ion current mea-

surement position from the thruster (37 cm).

As shown in Fig. 3, the three thrusters demonstrated

similar tendencies under various discharge conditions. In

FIG. 1. A schematic illustration of the CHTs under experiment.

FIG. 2. (a) Magnetic fields of 28, 40, 50 mm thrusters, (b) average magnetic

field strength along the thruster axis, (c) radial (solid curve), and axial (scat-

tered curve) magnetic field strength along the outer channel surface.

FIG. 3. (a) Thrust, (b) anode efficiency, and (c) specific impulse of 28 mm

(�), 40 mm (�), and 50 mm (q) CHT. Experimental results of some AHTs

of the similar power level are also plotted for comparison.
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order to compare with the radial effect of AHT, the parame-

ters of low power AHTs (SPT-50,26 BHT-200,13 SPT X-

40,14 SPT-30,15 T-27 (Ref. 16)) are also plotted in Fig. 3.

Figure 3(a) shows the measured thrust T depending on the

anode power Pa (¼ IdVa, where Id and Va are discharge cur-

rent and anode voltage, respectively). It is seen that T / Pa,

and the thrust increases slightly with increasing size of the

thruster at the same Pa. The anode efficiency g
(¼T2=2 _mIdVa, where _m is the Xe mass flow rate at the an-

ode) shows an increase and then saturation as Pa is raised

[Fig. 3(b)]. At Pa> 250 W, g of the 50 mm CHT is slightly

higher than that of the other two smaller CHT. Although T
and g of AHT are different from those of CHT, the tenden-

cies are similar to the scaling down of AHT.9 It is notewor-

thy that the scaling laws for CHT and AHT appear to be

similar. However, the performance reduction of small AHT

is caused by disadvantage of scaling down which mentioned

before. Thus, as shown in Fig. 3(c), specific impulse Isp

(¼T= _mg, where g¼ 9.8 m/s2) of the small AHT is also

lower. The lower Isp means more propellant is needed to

gain a given amount of momentum. For CHT, however, Isp

of smaller CHT is higher at the same Pa [Fig. 3(c)]. This dis-

tinguished feature will be explained more detail by compar-

ing the utilizations.

To investigate the performance characteristics in

more detail, the discharge current (Id), ion current (Ii), elec-

tron current (Ie), and utilizations are compared at fixed

Va¼ 300 V. We obtain Ii by angular integration of the meas-

ured ion current density, and let Ie¼ Id � Ii. Because the an-

ode efficiency g of the larger thruster is higher at high Pa, g
of the larger thruster is higher at larger _m. All the currents Id,

Ii, and Ie plotted in Figs. 4(a) and 4(b) increase linearly with

_m. At the same _m, the larger thruster shows lower Id, which

may be attributed to lower neutral Xe density owing to larger

discharge volume. It is also noted that Ii takes a larger frac-

tion (or Ie takes a smaller fraction) in Id for the smaller

thruster. As a result, both current utilization Uc[¼ Ii /(Iiþ Ie)]

and propellant utilization Up[¼IiM=e _m, where M and e are

the mass of a Xe atom and the electron charge, respectively]

are larger for the smaller thruster [Figs. 4(b) and 4(c)]. The

small Ie with a smaller thruster is interpreted as better elec-

tron confinement owing to the higher axial magnetic field

and better magnetic mirror trapping. The largest magnetic

mirror ratios are 4.9, 3.8, and 2.8 for the 28, 40, and 50 mm

thrusters, respectively, according to the magnetic field line

between the core and thruster exit plane (see scattered sym-

bols in Fig. 2(a)).

Figure 4(c) indicates larger Up at a higher Xe flow rate,

which is due to more ionization by higher Xe neutral density.

Larger Up for smaller thrusters (the Up ratio for the 28 mm

and 40 mm thrusters with respect to the 50 mm thruster are

1.6 and 1.2, respectively) is attributed to the aforementioned

reason, i.e., higher neutral density for a smaller thruster due

to the smaller ionization volume. It is also noted that Up is

larger than the unity which has been previously reported and

explained by the presence of multi-charged Xe ions in

CHTs.4–7 If the high neutral density with the same thruster

only enhances ionization (or ionization rate), Uc should

remain constant regardless of _m because both Ii and Ie

increase with the same rate. Figure 4(c), however, shows a

slight increase of Uc with _m for the same thruster. Therefore,

we suggest the possible reason for the large Up and Uc is the

presence of multiply charged Xe ions. Enhanced multiply

charged ion generation induces a higher increment rate of Ii

than that of Ie due to the higher multiply charged ion speed

in comparison with Xeþ, resulting in the larger Up and Uc.

Using the same logic, the large Uc of the small thruster is

also interpreted in terms of the enhanced multiply charged

ions as well as small Ie owing to better electron confinement.

Furthermore, we suggest that the multiply charged ion have

much effect on Up and Uc than particle–wall interaction in

the CHT.

The optical emission spectra of the 28 mm and 50 mm

thrusters obtained at the radial center of the thruster exit

plane are plotted in Fig. 4(d). Xenon plasma radiates emis-

sion spectra from collision processes among electrons, ions,

and neutral atoms:27 Xe þ e! Xe* þ e, Xeþ þ Xe! Xeþ*

þ Xe*, Xe2þ þ Xe ! Xe2þ* þ Xe* ! Xeþ* þ Xeþ*. As

shown in the figure, the Xe neutral (Xe I) lines are dominant

in the range of 750–900 nm and Xeþ (Xe II) lines are domi-

nant in the range of 400–600 nm. The intensity ratios of

529.22 nm (Xe II) and 823.16 nm (Xe I) of the 28 mm and

50 mm thrusters are 6.7 and 2.4, respectively. Upon even

considering the much lower Ie for the smaller thruster despite

its higher power density, the Xe II intensities are signifi-

cantly higher, suggesting more active ionization in the

smaller thruster.

Fig. 5(a) shows the peak values and the full width at half

maximum (FWHM) of IEDF of the three thrusters. The peak

ion energies are almost the same in the range of 220–240 eV,

which suggests a similar electric potential structure for all

the three thrusters. In addition, the FWHM of the 40 mm

thruster increases as _m is raised. Figure 5(b) plots the nor-

malized IEDFs (i.e., f ðEÞ=
Ð

f ðEÞdE) of the 40 mm thruster

measured at the thruster axis with various _m. It is observed

that the thruster operation with higher _m brings about broad-

ening of the IEDF with an increase in high-energy

FIG. 4. (a) Discharge current, (b) ion and electron currents, (c) propellant uti-

lization and current utilization in relation to D and _m. (d) Optical emission

spectra of the 28 and 50 mm thrusters obtained at the radial center of the

thruster exit plane at Pa¼ 150 W. An Ocean Optics USB2000 spectrometer

was used.
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population. Ions are accelerated by the potential difference

lower than the anode voltage, i.e., Vacl¼Va � Vloss, where

Vloss may include ionization potential, wall loss, cathode cou-

pling potential, etc. Nevertheless, more ions with energy

higher than Va (300 V in this case) are generated as _m
increases. Previous reports28,29 have discussed the high-

energy tail of the IEDF due to elastic momentum transfer col-

lisions between Xeþ and Xe2þ in the plume plasma: momen-

tum gained Xeþ from the high-energy Xe2þ that are generated

in the discharge volume. Therefore, the increase of the high-

energy population with large _m is interpreted as enhanced col-

lision probability between Xeþ and high energy Xe2þ ions by

more generated multi-charged ions. Although the increased

high-energy population in the IEDF with _m is also observed

in the 50 mm thruster, the difference is smaller than that of the

40 mm thruster. We suggest that the large discharge volume

reduces the fractional increment of the neutral density and

thus, generation of Xe2þ. On the other hand, the IEDF of the

28 mm thruster is little changed with different _m. As shown in

Fig. 4(c), the propellant utilization Up of the 28 mm thruster is

nearly 2, which suggests a large population of multi-charged

ion generation. Detailed study of the multi-charged ions and

high-energy fraction based on the E�B filter and RPA meas-

urements will be reported elsewhere.

In Fig. 6(a), the IEDF broadening, i.e., spread of the ion

energy spectrum is shown for various channel sizes at _m¼ 4

sccm and Va¼ 300 V. The fraction of the high-energy ion pop-

ulation is more significant for the smaller thruster, which is

similar to the higher _m case shown in Fig. 5(b). Therefore, high

neutral density owing not only to the increased _m but also to

the decreased channel size may have a close correlation with

high-energy ion production or multi-charge ion population.

The plume angle obtained from the angular profile of

the ion current density depicted in Fig. 6(b) is smaller for the

larger thruster and at smaller _m. This can be explained by the

fact that the different channel diameter with the fixed chan-

nel length can change the slope of the magnetic field line as

shown in red dotted curves in Fig. 2(a). It was reported that

the unique magnetic field configuration of the CHT with a

relatively strong axial component [Fig. 2(c)] generates an

electric field normal to the magnetic field.2,3 Therefore, the

large diameter-to-length ratio of the large thruster brings

about the small plume angle. As shown in Fig. 2(a), the

angles of the red colored magnetic field lines connected from

the inner core to the exit side of the discharge volume with

respect to the anode surface are 66.6�, 58.4�, and 54.0� for

the 28, 40, 50 mm thrusters, respectively. Theses angles are

comparable with h90 shown in Fig. 6(b). Also, the neutral

density associated with the channel dimension may play a

role in the plume angle difference.

As for the ion energy spectrum, results were obtained by

comparing the IEDFs measured on-axis [Fig. 6(a)] and 30�

from the thruster axis [Fig. 6(c)] with the radius of 37 cm

from the thruster exit. First, the larger drop of the peak value

from the 0� IEDF to the 30� IEDF demonstrates the smaller

plume angle for the larger thruster. Second, the ion energy

drop off-axis is more significant for the larger thruster that is

seen from the larger down shift of the energy peak. Third, in

the 28 mm thruster the peak value and its energy are almost

the same for 0� and 30�, meaning that the ion current density

is more or less uniform up to 30�. On the other hand, h50

shown in Fig. 6(b) indicates a drop in the ion current density

between 30� and 50�. It is also noteworthy that the high-

energy ion population mostly decreases at 30� for the 28 mm

FIG. 5. (a) Peak ion energy and FWHM of IEDF in relation to D and _m, and

(b) IEDFs of the 40 mm CHT with different _m.

FIG. 6. (a) IEDFs at thruster axis and (b) 30� off-axis with various D values

at 4 sccm, and (c) plume angles h90 and h50 in relation to D and _m.
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thruster. Because the thrust loss (�cos h90) is associated with

plume divergence, spatial focusing of the ion beam is impor-

tant for high performance of the thruster.30,31 Therefore,

smaller plume divergence and higher propellant and current

utilizations of the 50 mm thruster with larger _m enhance the

power efficiency.

On the other hand, shorter channel length of 28 mm may

focus the ion beam and reduce the thrust loss, resulting in the

anode efficiency improvement. However, the short channel

length yields the reduced propellant utilization and ion

energy.20 Therefore, optimization of channel length is a criti-

cal process.

As mentioned above, the high-energy ion population at

30� off-axis is lower than that on-axis. Because the elastic

collision between Xeþ and Xe2þ produces the high-energy

tail of IEDF,28,29 it is likely that the multi-charged ions

inside the discharge volume are concentrated near the

thruster axis and are responsible for the large high-energy

ion population on-axis. This argument is consistent with Ref.

32, which explains the multi-charged ions of CHT by the

long residence time of the slow ions due to their ambipolar

trapping near the thruster axis.

In summary, the performance of the low-power cylindri-

cal Hall thruster in relation to channel diameter was investi-

gated. Comparisons with annular type Hall thruster find that

the overall scaling property for the reduction of thruster size

appear to be similar, but this study clearly demonstrates that

different physics needs to be accounted for the cylindrical

Hall thrusters. It was found that the high neutral density due

to the small channel size and high mass flow rate enhance the

propellant utilization and current utilization by increased ion

current. Also, the high ion energy population of IEDF

increases with high neutral density. As a result, the smaller

thruster and large mass flow rate produce high specific

impulse. However, the thrust and anode efficiency of the

smaller thruster is lower at the anode power above 150 W

because of the large plume angle due to the large magnetic

field line slope with respect to the anode surface. On the other

hand, the narrow plume of the large thruster is maintained in

relation to _m and anode power. This effect combines with the

advantage of high neutral density and enhances the thrust and

thrust efficiency at high anode power (>250 W).
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