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(57) ABSTRACT 

Traveling-wave tube amplifiers and methods for making 
slow-wave structures for the amplifiers are provided. The 
SWSs include helical conductors that are self-assembled via 
the release of stressed electrically conductive strips from a 
sacrificial material. The helical conductors can be electro
plated post-self-assembly to fortify the helix, reduce losses, 
and tailor the dimensions and operating parameters of the 
helix. 
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ELECTROPLATED HELICAL SLOW-WAVE 
STRUCTURES FOR HIGH-FREQUENCY 

SIGNALS 

REFERENCE TO GOVERNMENT RIGHTS 

[0001] This invention was made with government support 
under FA9550-19-l-0086 awarded by the USAF/AFOSR. 
The government has certain rights in the invention. 

BACKGROUND 

[0002] A traveling-wave tube (TWT) is a vacuum elec
tronic device enabling interaction between an energetic 
beam of electrons and an electromagnetic (EM) wave to 
transfer energy from the electron beam to the EM wave for 
amplification. TWTs are used as compact, high-gain, high
power sources of high-frequency radiation in applications 
such as wireless communications, biomedical imaging, 
radar, and electronic warfare. Central to the amplification 
process is a slow-wave structure (SWS) that matches the 
phase velocity of the EM wave to that of the electron beam; 
this structure is some form of meander transmission line or, 
more commonly, a conductive helix. The slow-wave struc
ture conducts the traveling EM wave along a pathway whose 
total length is greater than the axial dimension along which 
the electron beam travels; thus, the component of the EM 
wave velocity along the axial dimension matches that of the 
electron beam. 
[0003] Conventional TWT structures use a wire helix 
whose dimensions are limited by the smallest gauge wire 
available, the ability to wind the helix with precision, the 
ability to support the helix to keep it aligned with the 
electron beam, and the ability to handle and assemble the 
helix into the structure. Other methods for manufacturing 
helical SWSs rely on high-precision laser manufacturing and 
wafer bonding. Unfortunately, these methods are not easily 
scalable to micro-scale dimensions (and thus higher frequen
cies) and are not mass-producible on inexpensive and large
area substrates. 

SUMMARY 

[0004] Traveling-wave tube amplifiers and methods for 
making slow-wave structures for traveling-wave tube ampli
fiers are provided. 
[0005] One embodiment of a traveling-wave tube ampli
fier includes: a dielectric support; a slow-wave structure on 
the dielectric support, the slow-wave structure comprising 
an electrically conductive helix comprising a continuous 
helical strip of electrically conductive material and having 
an inner diameter of no greater than 30 µm; an electron gun 
positioned to direct one or more beams of electrons axially 
through the electrically conductive helix or around the 
periphery of the electrically conductive helix; and an elec
tron collector positioned opposite the electron beam source. 
[0006] One embodiment of a method of making a slow
wave structure includes the steps of: forming a layer of 
sacrificial material on a portion of a surface of a dielectric 
support; forming a continuous stressed electrically conduc
tive strip on the layer of sacrificial material, the electrically 
conductive strip having a leading end and a trailing end, 
wherein the trailing end of the electrically conductive strip 
is attached to the dielectric support; selectively removing the 
layer of sacrificial material, wherein the continuous stressed 
electrically conductive strip relaxes into the form of a helix; 
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connecting the leading end of the electrically conductive 
strip to a first electrical contact; connecting the trailing end 
of the electrically conductive strip to a second electrical 
contact; and electroplating the surface of the helix with an 
electrically conductive material. 
[0007] Other principal features and advantages of the 
invention will become apparent to those skilled in the art 
upon review of the following drawings, the detailed descrip
tion, and the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] Illustrative embodiments of the invention will 
hereafter be described with reference to the accompanying 
drawings, wherein like numerals denote like elements. 
[0009] FIG. 1 is a schematic diagram of one embodiment 
of a TWT amplifier. 
[0010] FIGS. 2A-2G illustrate a method of making one 
example of a slow-wave structure. 
[0011] FIGS. 3A-3F illustrate a method of making a 
second example of a slow-wave structure. 

DETAILED DESCRIPTION 

[0012] TWT amplifiers and methods for making SWSs for 
TWT amplifiers are provided. The SWSs include helical 
conductors that are self-assembled via the release of stressed 
films from a sacrificial material. The self-assembly methods 
enable wafer-level fabrication of SWSs having very small 
diameters, including micron-scale diameters that enable the 
amplification of terahertz signals. The helical conductors 
can be electroplated post-self-assembly to fortify the helix, 
reduce losses, improve thermal conductance, and/or to tailor 
the dimensions and operating parameters of the helix. 
[0013] The basic components of one embodiment of a 
TWT amplifier are shown in FIG. 1. The components 
include an electron gun 102, positioned to direct an electron 
beam 104 along an axis 106 through an SWS comprising an 
electrically conductive helix 108 that spirals around axis 
106. Electron gun 102 is composed of a control anode 110, 
a control grid 112, and a cathode 114. The TWT amplifier 
further includes a signal input coupler 116 that introduces an 
EM signal into helix 108 and a signal output coupler 118 that 
receives the amplified EM signal from helix 108. Steering 
magnets 120 or electric fields are arranged around helix 108 
to focus and steer electron beam 104, and an electron 
collector 122 is positioned along axis 106, opposite electron 
gun 102, to remove the unused electron beam energy. Helix 
108 is housed in a vacuum housing 124. An attenuator (not 
shown) may also be provided along the path of the electron 
beam to isolate the input and output. 
[0014] When electron beam 104 is emitted from electron 
gun 102 and accelerated toward electron collector 122, the 
electrons are in close proximity to the propagating EM 
wave. The electron beam is directed along the axis of the 
helix either through the center of the helix or outside of the 
helix. In some embodiments, multiple electron beams 
("beamlets") are used. These beamlets are directed in a 
circular pattern around the periphery of the helix. The 
conductive helix slows the axial phase velocity of the EM 
wave to, or below, the speed of the electrons in the beam. 
The kinetic energy in the electron beam is coupled into the 
EM wave, thereby amplifying the EM wave. 
[0015] One example of an SWS that can be used in a TWT 
amplifier is shown in FIG. 2G. The SWS includes a helix 
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222 formed from a continuous helical strip of electrically 
conductive material, such as a metal, and a dielectric, 
thermally conductive support 204. Helix 222 has a leading 
end that is connected to a first electrical contact 216 and a 
trailing end that is connected to a second electrical contact 
218. 

[0016] FIGS. 2A through 2G illustrate an example of a 
method that can be used to make the SWS of FIG. 2G. The 
process begins with a dielectric support (FIG. 2A). The 
support is composed of a dielectric, high-resistivity material 
in order to avoid signal loss in the TWT amplifier. In the 
illustrative embodiment shown here, the dielectric support 
includes two layers: a support substrate 202 and a film of 
dielectric material 204 on a surface of support substrate 202. 
However, the dielectric support can have more or fewer 
layers. For example, the dielectric support can be a single, 
bulk layer of a dielectric material, such as a diamond 
substrate. The dielectric material should be thermally con
ductive in order to facilitate the dissipation of heat generated 
by the SWS. Generally, the dielectric material should be a 
low-loss material having a thermal conductivity of at least 
about 10 W/mK at 25° C., preferably at least 20 W/mK at 
25° C., and more preferably at least 150 W/mK at 25° C. 
However, the requirement for thermal conductivity will 
depend, at least in part, on the required power output of the 
TWT amplifier and/or whether the TWT amplifier is 
designed to operate in a continuous mode or a pulsed mode; 
a lower power output and/or pulsed mode operation will 
generally require a lower thermal conductivity. In addition, 
the thickness of the dielectric support can be increased to 
increase thermal conductivity. Diamond, aluminum nitride 
(AlN), aluminum oxide (Al2O3 ), and silicon nitride (Si3N4 ) 

are examples of low-loss materials that can be used for the 
support. Because diamond has a very high thermal conduc
tivity (e.g., approximately 2000 W/mK at 25° C. for bulk 
diamond), it is a preferred choice for high-power and/or 
continuous mode applications. 

[0017] In embodiments in which the dielectric support 
includes a film of dielectric material on a support substrate, 
the support substrate may be a substrate upon which the 
dielectric film can be deposited by chemical or physical 
vapor deposition. For example, a silicon wafer can be used 
as a substrate for the chemical vapor deposition (CVD) of a 
diamond film. Alternatively, the film of dielectric material 
can be formed on another substrate, released, and transferred 
onto the support substrate. The thickness of the film of 
dielectric material is not critical, provided that it allows for 
adequate heat dissipation. By way of illustration, suitable 
film thicknesses include those in the range from sub-micron 
(e.g., 500 nm to 1 µm) up to 20 µm. By way of illustration, 
in some embodiments of the SWSs, the dielectric film has a 
thickness in the range from 3 µm to 10 µm. Optionally, the 
surface of the dielectric material can be mechanically pol
ished or coated with a smoothing layer, such as silicon 
nitride or spin-on-glass, in order to facilitate the subsequent 
deposition of overlying conductive layers with low surface 
roughness. 

[0018] A strip of sacrificial material 206 is formed on the 
surface of dielectric material 204 (FIG. 2B). The "sacrificial 
material" is so called because it will ultimately be selec
tively removed from the structure, as described below. The 
sacrificial material can be patterned into a strip by, for 
example, applying a blanket coating of the sacrificial mate-
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rial on dielectric support 204 and then removing (e.g., 
etching away) some of the sacrificial material to define the 
strip. 

[0019] To prepare for a subsequent electroplating step, an 
electroplating electrode material 208 is deposited over one 
or more areas of dielectric support 204 (FIG. 2C). Such areas 
include, for example, areas where electrical contacts will be 
formed at the ends of the helix and/or areas where contact 
pads will be formed along the length of the helix. Electro
plating electrode material 208 can be blanket deposited over 
the surface of dielectric material 204 and sacrificial strip 206 
and then selectively etched away to expose sacrificial strip 
206 and the areas where electroplating is to be carried out. 
Alternatively, electroplating electrode material 208 can be 
selectively deposited on only the desired regions of the 
surface of dielectric support 204 at the outset. The electro
plating electrode material provides a low-resistance path 
from a current source to the components of the SWS that are 
to be electroplated. Electroplating electrode material 208 is 
an electrically conductive material, such as aluminum or 
titanium, that can be selectively removed (e.g., etched or 
dissolved) from dielectric support 204 after electroplating 
has been completed. In addition, the electroplating electrode 
material is desirably one that forms a surface native oxide 
that is resistant to electroplating when it is exposed to an 
electroplating solution. For example, aluminum and tita
nium form native oxides that hinder electroplating. How
ever, if the selected electroplating electrode material does 
not form a suitable native oxide, it can be coated with an 
electrically insulating layer that is resistant to electroplating. 
For example, if copper is used as the electroplating electrode 
material, it could be coated with aluminum oxide or silicon 
oxide to render it resistant to electroplating. Virtually any 
metal can be used, provided that its surfaces are electrically 
insulated from the plating solution and that both the metal 
and its electrical insulation can be selectively removed from 
the structure after the electroplating process is complete. 
[0020] An electrically conductive strip 214 is then formed 
on sacrificial strip 206 (FIG. 2D). It should be noted that, 
although sacrificial strip 206 has substantially the same 
shape and dimensions as electrically conductive strip 214, 
the sacrificial strip need not have substantially the same 
shape and dimensions as electrically conductive strip 214. In 
fact, the sacrificial material need not even be in the form of 
a strip. Electrically conductive strip 214 is formed in a 
stressed state on the sacrificial material, such that upon 
release from the underlying sacrificial layer 206 it relaxes 
and forms a helix. Electrically conductive strip 214 has a 
leading end 205 and a trailing end 207. Trailing end 207 is 
firmly attached to dielectric substrate 204 so that the trailing 
end of the helix remains tethered to dielectric substrate 204 
after sacrificial layer 206 is removed. In the embodiment 
shown in FIGS. 2A-2G, electrically conductive strip 214 is 
a linear strip and leading end 205 is not attached to dielectric 
substrate 204 so that leading end 205 is released from 
dielectric support 204 when sacrificial layer 206 is removed. 
However, in other examples of the SWSs, both the leading 
and trailing ends of the electrically conductive strip can be 
attached to the dielectric support and remain so even after 
the sacrificial material is selectively removed, as discussed 
below. 

[0021] The stress in electrically conductive strip 214 can 
be imparted to the strip in a variety of ways. For example, 
sacrificial layer 206 can be composed of a material that 
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imparts a tensile stress to the electrically conductive strip 
214 as the strip is grown thereon. Alternatively, a thermal
expansion mismatch between sacrificial layer 206 and the 
material of the electrically conductive strip 214 could pro
vide the requisite stress. In some embodiments of the 
devices the stress is engineered into the electrically conduc
tive strip by tailoring the deposition parameters, such as 
deposition rate and/or temperature, and/or the film thickness, 
during its growth. Stress can also be imparted by the 
thermo-mechanical stress that arises during post-deposition 
cooling of the deposited material. For example, strips of 
metals, such as gold or chromium, can be formed under 
intrinsic tensile stress by epitaxial growth, sputtering, or 
evaporation of the metal onto a sacrificial material. Alter
natively, multilayered electrically conductive strips can be 
used in which the strips include stacks of two or more layers 
of different metals, wherein the layered strip is deposited in 
a stressed state caused by a lattice and/or thermal-expansion 
mismatch between the different metals. By way of illustra
tion, electrically conductive strip 214 may include a stressed 
bilayer comprising a lower layer of chromium and an 
adjacent upper layer of gold, or vice versa. The single or 
multi-layered electrically conductive strips can be com
prised of, for example, single-crystalline materials or 
polycrystalline materials. 

[0022] The selection of the sacrificial material of sacrifi
cial layer 206 and the material of electrically conductive 
strip 214 will be interdependent, as it must be possible to 
selectively remove (e.g., etch) the sacrificial material from 
the structure. Examples of suitable sacrificial materials 
include silicon oxide and germanium oxide. Other examples 
include silicon, germanium, and polymers. Examples of 
electrically conductive materials that can be used to form 
stressed electrically conductive strips on these, or other, 
sacrificial materials include metal layers, such as gold layers 
and gold/chromium bilayers. Other metals that can be used 
as single layers or in combination with other layers in 
multilayered strips include copper, nickel, and silver. 

[0023] Electrically conductive strip 214 is characterized 
by a strip length (i.e., the distance between leading end 205 
and trailing end 207, a strip width, and a strip thickness. 
Because the electrically conductive strip is formed from a 
thin film, the strip thickness will typically be smaller than 
the strip width, and both the strip thickness and width will 
be substantially smaller than the strip length. Strip length is 
chosen such that strip 214 rolls into a helix having the 
desired length for the SWS. Electrically conductive strip 214 
should be thin enough to roll into a helix with the desired 
inner diameter, where a thinner strip will generally provide 
a helix with a smaller diameter. The strip length, width, and 
thickness needed to provide a helix with a desired diameter, 
and pitch will further depend on the magnitude of the stress 
gradient across the thickness in strip 214, and the mechani
cal properties of the conductive materials. By way of illus
tration only, in some embodiments of the SWSs, electrically 
conductive strip 214 has a thickness in the range from about 
20 nm to about 250 nm and a width of about 5 µm to about 
30 µm. The width of the strip may be, but need not be, 
uniform along the length of the strip. The thickness and the 
width of the strip can be increased by electroplating after the 
self-assembly of the helix, as discussed below. 

[0024] Electrical contacts 216, 218 are formed on dielec
tric support 214 to provide electrical connections to leading 
and trailing ends 205 and 207, respectively, of helix 222, 
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once it has self-assembled. These contacts can act as the 
signal input coupler 116 and the signal output coupler 118 of 
a TWT amplifier, or they can provide a connection to the 
signal input and output couplers. Optionally, a series of 
contact pads 220 can also be formed on the dielectric support 
204 between electrical contacts 216 and 218. These contact 
pads are positioned and spaced so that they form electrical 
and thermal connections with the turns in the helix of the 
SWS. In some examples of the TWT amplifiers, each turn of 
the helix has a corresponding contact pad. However, fewer 
contact pads can be used. Electrical contacts 216, 218 and 
contact pads 220 are typically formed from metals, and they 
may be composed of the same material as electrically 
conductive strip 214 or a different material. The electrical 
contacts and contact pads can be formed on the dielectric 
support when the electrically conductive strip is formed, or 
during an earlier or later stage of the process. 

[0025] In order to convert continuous linear strip 214 into 
a continuous helical strip (i.e., into a helix), sacrificial strip 
206 is selectively etched to release electrically conductive 
strip 214, whereby stress release causes it to bend and twist 
into an electrically conductive helix 222, the trailing end 207 
of which remains attached to dielectric support 204 (FIG. 
2E). If the strip is a multi-layered strip, the lowermost layer 
in the strip will form the outer surface of the helix and the 
uppermost layer in the strip will form the inner surface of the 
helix. Leading end 205 of helix 222 can then be attached to 
electrical contact 216. A helix having the desired length, 
pitch, and inner diameter can be formed by the selection of 
an electrically conductive strip having appropriate dimen
sions and degree of strain. By way of illustration, helices 
having lengths in the range from 0.2 cm to 2 cm can be 
formed using the methods described herein. The ability to 
form long helices is advantageous, as a longer helix length 
provides a higher gain. However, shorter or longer helices 
can also be formed, including but not limited to, helices with 
lengths in the range from 100 µm to 10 cm. For the purposes 
of this disclosure, the length of a helix is the distance 
between the front edge of the first tum of the helix to the 
back edge of the last tum of the helix, as shown in FIG. 2G. 

[0026] Helix 222 is then electroplated to increase the 
thickness of the electrically conductive strip from which it is 
constructed (FIG. 2F). If the helix is constructed from a 
single electroplatable metal strip, such as gold, the electro
plated metal will form a plating layer around the electrically 
conductive strip, which serves as a seed layer for the plating 
layer 224. If the helix is made from a multilayered strip, the 
plating metal will be plated onto the exposed surfaces of the 
electroplatable metal layers in the strip, which serve as seed 
layers for the plating layer 224. However, it is not necessary 
for all of the layers in the multilayered strip to be electro
platable. Optionally, electrical contacts 216, 218 and/or 
contact pads 220 also can be electroplated. 

[0027] Helix 222, electrical contacts 216, 218, and contact 
pads 220 can be electroplated with a metal that is the same 
as, or different from, the metal used to form electrically 
conductive strip 214. Electroplating is carried out by 
immersing helix 222 and, optionally also electrical contacts 
216, 218 and contact pads 220, in an electroplating solution 
and creating a voltage difference between electroplating 
electrode material 208 and a counter electrode (not shown) 
to induce metal ions in the electroplating solution to deposit 
onto the surface of helix 222, electrical contacts 216, 218, 
and contact pads 220. 
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[0028] Increasing the thickness of the helix via electro
plating may provide better heat transfer and lower signal 
loss for the TWT amplifier and also allows for the tailoring 
of the signal propagating properties (e.g., operating frequen
cies) of the SWS, whereby smaller inner-diameter wave 
tubes amplify higher-frequency signals. By way of illustra
tion only, the plating material can be deposited to thick
nesses of up to 10 µm or even greater, including plating 
material thicknesses in the range from 30 nm to 10 µm. 
Helices having inner diameters of 50 µm or smaller can be 
made using the methods described herein. This includes 
helices having inner diameters of 30 µm or smaller. For 
example, helices having inner diameters in the range from 
0.5 µm to 30 µm can be fabricated. However, helices with 
inner diameters outside of this range can also be fabricated. 
Using the self-assembly and electroplating processes 
described herein, SWSs capable of amplifying terahertz 
signals with frequencies in the range from 0.3 THz to 3 THz 
can be fabricated. Once the electroplating is completed, 
electroplating electrode material 208 can be removed (FIG. 
2G). If the electroplating electrode material is made from 
aluminum, this can be accomplished by etching in a piranha 
solution or commercially available aluminum etchants. 

[0029] A second example of an SWS is shown in FIG. 3F. 
The SWS of FIG. 3F shares some common processing steps 
and components with the SWS of FIG. 2G, as indicated by 
like reference numbers. However, in the example of FIG. 3F, 
the helix 322 is made using a bent sacrificial strip 306 (FIGS. 
3A and 3B) upon which a bent electrically conductive strip 
314 is deposited (FIG. 3C). The bent electrically conductive 
strip has a first linear segment 313 and a second linear 
segment 315 that are connected at an angle 317 of less than 
180°. As shown in the illustrative embodiment of FIG. 3C, 
the connecting angle may be 90° or smaller. Both the leading 
end 305 and the trailing end 307 of electrically conductive 
strip 314 are attached to dielectric support 204 and in contact 
with electroplating electrode material 208 (FIGS. 3B and 
3C). When sacrificial layer 306 is removed, stress release in 
electrically conductive strip 314 causes it to roll into a helix 
322 (FIG. 3D). However, because leading end 305 and 
trailing end 307 are tethered to dielectric support 204, the 
resulting helix is characterized by a right-handed helical 
segment 330 and a left-handed helical segment 334 con
nected by a connecting segment 332 that is formed at the 
bend in electrically conducting strip 314. 

[0030] Helix 322 can be electroplated to form a plating 
layer 324 on its surface (FIG. 3E), as described above, and 
electroplating electrode material 208 can be removed from 
dielectric support 204 (FIG. 3F). 

[0031] The materials, dimensions, and stresses of electri
cally conductive strip 314 and the plating layer 324 may be 
the same as those described above with respect to linear 
electrically conductive strip 214. However, the size of the 
angle in the bent electrically conductive strip offers one 
more parameter that can be tailored to provide a S WS having 
the desired dimensions and operating properties, as the pitch 
in the helix (i.e., the tum-to-tum distance) will be a function 
of that angle. 

[0032] The word "illustrative" is used herein to mean 
serving as an example, instance, or illustration. Any aspect 
or design described herein as "illustrative" is not necessarily 
to be construed as preferred or advantageous over other 
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aspects or designs. Further, for the purposes of this disclo
sure and unless otherwise specified, "a" or "an" means "one 
or more." 
[0033] The foregoing description of illustrative embodi
ments of the invention has been presented for purposes of 
illustration and of description. It is not intended to be 
exhaustive or to limit the invention to the precise form 
disclosed, and modifications and variations are possible in 
light of the above teachings or may be acquired from 
practice of the invention. The embodiments were chosen and 
described in order to explain the principles of the invention 
and as practical applications of the invention to enable one 
skilled in the art to utilize the invention in various embodi
ments and with various modifications as suited to the 
particular use contemplated. It is intended that the scope of 
the invention be defined by the claims appended hereto and 
their equivalents. 

1. A traveling-wave tube amplifier comprising: 
a dielectric support; 
a slow-wave structure on the dielectric support, the slow

wave structure comprising an electrically conductive 
helix comprising a continuous helical strip of electri
cally conductive material and having an inner diameter 
of no greater than 30 µm; 

an electron gun positioned to direct one or more beams of 
electrons axially through the electrically conductive 
helix or around the periphery of the electrically con
ductive helix; and 

an electron collector positioned opposite the electron 
beam source. 

2. The amplifier of claim 1, wherein the helical strip 
comprises a seed layer and a plating layer on a surface of the 
seed layer. 

3. The amplifier of claim 1, wherein the helical strip of 
electrically conductive material consists of a single layer of 
a metal. 

4. The amplifier of claim 3, wherein the metal is gold. 
5. The amplifier of claim 3, wherein the metal is copper, 

nickel, or silver. 
6. The amplifier of claim 1, wherein the helical strip 

comprises a central seed layer of a metal and a plating layer 
of the metal disposed around the central seed layer. 

7. The amplifier of claim 1, wherein the helical strip of 
electrically conducting material is a bilayer strip comprising 
a first metal layer and a second metal layer, wherein the 
second metal is disposed on the top of the first metal along 
the length of the helical strip. 

8. The amplifier of claim 7, wherein one of the first and 
second metal layers is a chromium layer and the other of the 
first and second metal layers is a gold layer. 

9. The amplifier of claim 7, wherein the helical strip 
further comprises a plating layer of the first metal on a 
surface of the first metal layer. 

10. The amplifier of claim 1, wherein the helical strip 
comprises a right-handed helical segment, a left-handed 
helical segment, and a connection segment connecting the 
right-handed helical segment to the left-handed helical seg
ment. 

11. The amplifier of claim 1, further comprising one or 
more contact pads on the dielectric support, wherein one or 
more turns along the length of the electrically conductive 
helix are connected to the one or more contact pads. 
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12. The amplifier of claim 1, wherein the dielectric 
support comprises diamond, aluminum nitride, aluminum 
oxide, or silicon nitride. 

13. The amplifier of claim 1, wherein the electrically 
conductive helix has an inner diameter in the range from 1 
µm to 30 µm. 

14. The amplifier of claim 1, wherein the electrically 
conductive helix has a length in the range from 100 µm to 
2 cm. 

15. A method of making a slow-wave structure, the 
method comprising: 

forming a layer of sacrificial material on a portion of a 
surface of a dielectric support; 

forming a continuous stressed electrically conductive 
strip on the layer of sacrificial material, the electrically 
conductive strip having a leading end and a trailing end, 
wherein the trailing end of the electrically conductive 
strip is attached to the dielectric support, and further 
wherein the electrically conductive strip comprises an 
electrically conductive material in contact with the 
layer of sacrificial material; 

selectively removing the layer of sacrificial material, 
wherein the continuous stressed electrically conductive 
strip relaxes into the form of a helix; 
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connecting the leading end of the electrically conductive 
strip to a first electrical contact; 

connecting the trailing end of the electrically conductive 
strip to a second electrical contact; and 

electroplating the surface of the helix with an electrically 
conductive material. 

16. The method of claim 15, further comprising connect
ing one or more turns in the helix with one or more contact 
pads positioned on the dielectric support between the first 
electrical contact and the second electrical contact. 

17. The method of claim 16, further comprising electro
plating the first electrical contact, the second electrical 
contact, and the contact pads. 

18. The method of claim 15, wherein the continuous 
stressed electrically conductive strip is a linear strip. 

19. The method of claim 15, wherein the continuous 
stressed electrically conductive strip comprises a first linear 
segment and a second linear segment, wherein the first and 
second angles are joined at an angle of less than 180°. 

20. The method of claim 15, wherein the sacrificial 
material is an oxide and the continuous stressed electrically 
conductive strip comprises only a single layer of metal or 
comprises two or more vertically stacked layers of different 
metals. 

* * * * * 


