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We report on a design of a TM-mode based metamaterial-loaded waveguide. Network 

analyzer measurements demonstrated a left-handed propagation region for the TM11 

mode at around 10 GHz.  A beamline experiment was performed with the metamaterial-

loaded waveguide. In this experiment, a 6 MeV electron beam passes through the 

waveguide and generates a wakefield, via the Cherenkov radiation mechanism. We 

detected a signal in the left-handed frequency band at 10 GHz. This is an indirect 

demonstration of reverse Cherenkov radiation as predicted in [1] and discussed in [2, 3, 

4]. Cherenkov radiation in artificially constructed materials (metamaterials, MTM) can 

provide unusual, engineered features that can be advantageous for particle detector 

design. 
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Introduction. 

 

The electromagnetic properties of a medium in most cases are characterized by the 

permittivity ε (response to electric field) and the permeability μ (response to magnetic 

field). Typically ε and μ are positive or tensors with positive values for most frequencies 

of electromagnetic waves. In this case, the phase vector (k) of the wave propagating 

through the medium forms a right-handed system with the field vectors E and B. The 

Poynting vector is co-directed with k. 

Veselago first pointed out that propagation is also possible when ε and μ are 

simultaneously negative [1]. Propagating waves in such double-negative media (DNM) 

exhibit several unusual properties. First of all, the phase vector forms a left-handed 

system with the field vectors.  This is why materials with simultaneously negative ε and μ 

are called left-handed (LHM). In such media the Poynting vector, which is collinear with 

the group velocity, is counter-directed to the phase vector. This gives rise to several 

unusual effects like the reversed Doppler Effect, reversed Cherenkov radiation (CR) [1, 

2, 3 and 4] and negative refraction [1, 5].  

Materials (metamaterials, MTM) with simultaneously negative values for ε and μ 

were artificially constructed in 2000 [10]. The arrays of sub-wavelength elements 

respond to electromagnetic fields like a medium with dispersive (frequency dependent) 

permittivity and permeability. Split ring resonators (SRR) [6] create an effective 

magnetic material with μ negative at certain frequencies. Artificial ε can be produced for 

example by wire arrays [7, 8], or capacitively loaded strips (CLS) [9]. It is possible to 

create a metamaterial with simultaneously negative ε and μ [10].  



Characteristics analogous to reverse Cherenkov radiation were demonstrated [11, 12], 

by employing current pulses in microwave radiating systems. However, there have been 

no experiments involving a beam of charged particles. In this paper we report on the first 

beam test of a metamaterial-loaded waveguide.  The source used was the 6 MeV electron 

beam produced by the Argonne Wakefield Accelerator (AWA) photoinjector [13]. 

Cherenkov radiation is widely used in accelerator physics for beam and particle 

detector applications. Reverse Cherenkov radiation, predicted for double-negative 

materials, can have unique features useful for beam detection [2, 3, 4, 19].   

Metamaterials can be used as an engineered medium for detectors designed to produce 

radiation that counter-propagates with respect to the particle beam source within a 

selected frequency band. Originally metamaterials were produced for microwave 

frequencies using printed circuit board techniques. During the past 7 years metamaterials 

were realized in the THz range and up to optical frequencies [see, for example, 14 and 

review 15]. Optical metamaterials would be perfect for Cherenkov detectors, which 

operate generally in the optical region. To understand the physics of the process we 

worked with microwave metamaterials because they are easier to manufacture. 

 We have designed and manufactured a double-negative metamaterial similar to those 

developed by other groups [ex. 9].  In [16, 17] we reported our first metamaterial design 

and in [18] reviewed our plans for accelerator – related metamaterial research. We 

observed much better transmission level and stability to manufacturing tolerances for a 

loaded waveguide configuration than for an open structure. Thus, we are using a 

metamaterial-loaded waveguide configuration for our studies. 



In [19] we discussed some theoretical aspects of particle interaction with a 

metamaterial placed in a waveguide. For the case of a loaded waveguide, Cherenkov 

radiation generated by charged particle propagation through the structure is usually called 

a wakefield, in analogy to the wake generated behind a boat on a river. We developed a 

simulation approach to determine the frequency and the level of excitation of waveguide 

modes from a charged particle beam. Interesting properties of Cherenkov radiation in a 

dispersive and anisotropic medium can be utilized for particle detection [2, 3 and 19]. 

In this paper we begin by reviewing the design and implementation of the TM mode 

based metamaterial-loaded waveguide. Cold tests of the MTM-loaded waveguide 

demonstrated a left-handed band at 10 GHz frequency.  We then report on our first beam 

test of the waveguide. In this experiment a 6 MeV, ¼ nC electron beam passed through 

the metamaterial-loaded waveguide. We determined that a 10 GHz component was 

excited in the wakefield spectrum. This is an indirect demonstration of wakefield 

generation in a left-handed band.  The frequency response of the beam data matched the 

left-handed frequency band demonstrated in the cold test, but explicit verification of the 

direction of propagation has not yet been done.  Direct demonstration could be performed 

with a multi–probe measurement or the employment of a directional coupler. For this first 

experiment, loose manufacturing tolerances and probe calibration issues prevented us 

from making a decisive statement that the radiation was backward.  However, the beam 

data is consistent with cold test measurements. 

 



Design of the metamaterial - loaded waveguide 

For the metamaterial design we picked a typical split ring resonator and wire array 

configuration. We have SRRs and wires arranged in a 2-D grid (see Fig. 1). This way we 

have metamaterial elements aligned along both x and y directions. This is done to match 

TM11 mode field patterns. We will assume a waveguide to be aligned longitudinally with 

the z-axis. The effective tensors for permeability and permittivity are: 
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Dispersion parameters are controlled through the element geometry [6, 7]. It is 

important to note that design values are incredibly sensitive to the manufacturing 

tolerances. Also there are several possible relative placements for the wire array and 

SRRs. We tried to manufacture the metamaterial to be symmetrical and uniform. 

However, some built in asymmetries were unavoidable [18]. Moreover there are 

challenges with the usage of an effective medium approximation for the analysis. For 

example, a metamaterial exhibits a strong spatial dispersion at large wavelengths [20]. 

This makes predicted propagating bands below the cut off frequency of the waveguide 

[19, 21] practically unrealizable with a wire array. 



The split rings were designed to have a resonance at around 9.5 GHz. They were 

produced by conventional printed circuit board technology (PCB). Then they were 

assembled into a beehive (cell) structure. Wires, made of 1 mm thick magnet wire, 

penetrate the split rings. The waveguide was chosen to be square (1.34 X 1.34 inch, 

cutoff frequency ~6.2GHz), rather than rectangular, to maintain a TM11 mode symmetry 

closer to that of a circular waveguide.  It was manufactured having small grooves (see 

Fig. 1) to hold the metamaterial PCB boards. For the TM11 mode such grooves are not 

destructive, since the surface currents are longitudinal. Such grooves with small 

modifications can even act as dipole mode suppressors [22].  

  

Bench measurements of the TM11 mode propagation through 

metamaterial-loaded waveguide 

 
Mode launcher design. For cold tests we used a standard HP8510C network analyzer. 

The source from the network analyzer is an electromagnetic pulse that is transformed to a 

particular mode or modes of the structure under test. This transformation is done by a 

mode launcher. We had to design and custom make the TM11 mode launcher. The 

geometry of the antenna has to provide a symmetry that corresponds to the field 

distribution (see Fig. 2) of the mode of interest. We used Microwave Studio [23] to 

design the mode coupler. The geometry of the TM11 launcher is simple.  In the center of 

the waveguide aperture there is a coax center pin with a tuning disk at the end.  There is a 

conducting wall behind it, which is connected to the coax outer shell (ground).  



As part of the mode launcher design process, we performed parametric simulations 

for different pin lengths, tuning disk thickness and radii. The result of the simulation is 

the transmission (conversion) of the TEM mode of the coaxial into the TM11 mode of the 

waveguide. Some of the results are presented in fig 2. We were able to create a 

reasonably flat, low reflection region between 6.5 and 11.5 GHz. We confirmed through 

simulations that the remaining (not transmitted) power gets reflected, rather than coupled 

into other modes. The parameters of the manufactured mode launcher are (in inches): pin 

length 0.15, radius 0.07, and thickness 0.02 inch. Parametric analysis also shows that 

manufacturing tolerances will affect only the level of the transmission, but not the 

uniformity of the response as a function of frequency. This is acceptable for the type of 

measurements done on the waveguide structure. 

We produced two TM11 mode couplers (source and receiver). Then we performed 

typical transmission / reflection measurements of the waveguide loaded with a) only split 

rings, b) only the wire array and c) both split rings and the wire array (combined 

structure). 

 

Transmission through the SRR - loaded waveguide. Large assemblies of split ring 

resonators demonstrate collective behavior, which results in a frequency broadening of 

the refection line of the assembly. In the experiment this effect is enhanced due to 

manufacturing tolerances and misalignments. Measured transmission as a function of 

frequency is shown in figure 3. The SRR-only structure exhibited a wide resonance 

between 8.5 and 10.5 GHz.  



Transmission through the wire array - loaded waveguide.  A wire array proved to 

be a robust configuration for the TE10 mode in our previous experiments [17]. For the 

TM-design the wire array was assembled in a 2D array. Due to the large number of the 

elements in the array and vacuum requirements, we were unable to drill holes through the 

waveguide walls and put the wires all the way through. This created a problem; we could 

not ensure proper contact between each single wire and the waveguide walls.  A small 

capacitive gap between the tip of the wire and the waveguide wall combined with the 

wire’s self-inductance formed a resonant circuit, similar to that of the CLS geometry 

discussed in [9]. This made the system very sensitive. The wires could move, changing 

the effective capacitances between their tips and waveguide walls. Simulation results in 

figure 4 show the difference between an ideal wire array (having a design plasma 

frequency between 12-14 GHz) and short wires.  A resonant transmission peak appears 

for the short wires in what would otherwise be a plasma-like suppression region.  

There are 420 wires in the metamaterial. It is practically impossible to make them all 

the same length when assembling the structure by hand.  In the first construction of the 

metamaterial, the length variation was not carefully controlled. So, there was a large 

spread in CLS-type resonant frequencies and a clear suppression region could not be 

defined (see Fig. 5). For the second construction of the wire array, a conscious effort to 

make the wires the same length was made.  This created a strong resonant transmission 

peak around 9 GHz.  On the positive side, the measurement became much more stable 

with better defined suppression regions (regions of negative ε) between 8 and 9 GHz and 

around 10 GHz (see Fig. 5). 



Transmission through combined structure.  With the improved wire array we were 

able to identify the left-handed region for the combined structure. In this region, there is a 

resonant transmission drop for the SRR-only structure. The wire array exhibits plasma 

like behavior, suppressing transmission over a broader range of frequencies, except with 

a resonant transmission peak due to additional capacitance between the waveguide wall 

and tips of the wires. The combined structure shows transmission in the region near 10 

GHz (see Fig. 6), where neither the SRR-structure ( μ < 0) nor the wire array (ε < 0) have 

transmission. To our knowledge, this is the first left-handed metamaterial – based TM11 

mode waveguide designed and experimentally tested.  

 

Measurement of wakefield generated by an electron beam 

passing through the metamaterial – loaded waveguide 

The vacuum compatibility of the metamaterial substrates is not known. Therefore the 

metamaterial waveguide was placed in the end of the beamline in a separate vacuum 

system. The metamaterial “beamline” contained a foil screen (for vacuum isolation) and a 

cross for vacuum pumping access. A phosphor screen was also placed in the cross to 

confirm that the beam made it through the waveguide (see Fig. 7). Integrated charge 

transformers exist at different locations along the beamline. They provide data on the 

total charge per bunch.  

We had a 0.25 nC, 3 mm (10 ps) longitudinal size beam passing through the 

metamaterial waveguide. The generated signal was picked up by side wall probes (see 

Fig. 7). It had to be attenuated before reading it with an oscilloscope. On the oscilloscope 



we observed time resolved voltage signals (wakefield) from the waveguide side wall 

probes.  

We performed a Fourier transform of the signal to obtain spectral data, and then 

compare it to data from the cold test. We can clearly see a wakefield excitation at around 

10 GHz (see Fig. 8). As we demonstrated previously with the network analyzer (cold) 

test, the 10 GHz region is the double-negative region (see Fig. 6). Therefore, this 

measurement is the first indirect demonstration of reversed Cherenkov radiation in a 

quasi-continuous medium (a metamaterial, as opposed to corrugated waveguides used in 

backward wave oscillators). To demonstrate the backward mode directly, we have to 

perform a measurement with multiple probes. This measurement requires precise 

calibration of probes. While we did perform multiple probe measurements, 

manufacturing tolerances, probe and cable calibration requirements, and beam 

fluctuations made it practically impossible to make a decisive statement as to whether we 

observe a backward mode directly or not. 

 

Approximate theoretical model for the experiment. 

It is not possible to make a direct comparison of the experimental results to an 

accurate numerical model for two reasons. As stated earlier, due to limited computer 

resources, it is impossible to make a full scale simulation of the multimedia structure. In 

addition, resonant structures based on split rings are known to be very sensitive to 

manufacturing tolerances. Therefore, in the following, we present an approximate model 

of the experimental structure to provide a qualitive explanation of the measurement. 



We tried to manufacture the metamaterial to be symmetrical and uniform. However, 

some asymmetries were unavoidable. One major problem was that the two sets of wires 

(in the x and y directions) could not physically intersect. Therefore, they penetrated the 

split rings in two different locations with respect to the ring element geometry.  In this 

way, two sets of split rings were created: one with the wire penetrating the ring close to 

the capacitive cut, and the other with the wire penetrating far away from the cut. These 

two sets of split rings have two different resonant frequencies. Hence, we chose the 

permeability of the model to have two additive quasi-Lorentz terms with different 

resonant frequencies. The negative region lies between 8.5 and 10 GHz (see Fig. 9) and 

corresponds to a drop in transmission during the bench test (see Fig. 3).  

Ideally, in a long wavelength approximation the wire array has as plasma-like 

behavior. However, due to the finite length of the wires, there is also a capacitive region 

between the wire tips and the waveguide wall. Due to this capacitive region and the self 

inductance of the wire, a resonant transmission region was observed during the bench test 

(see Fig. 4 and Fig. 5). The permittivity was modeled as plasma-like with the addition of 

a Lorentz term, corresponding to the transmission band in the experimental test (see Fig. 

5 and Fig. 9). 

Based on this model, we calculated the dispersion relation for the TM11 mode in our 

waveguide (see Fig. 10). There are two possible points for mode excitation by an ultra-

relativistic electron. The excitation at around 7.5 GHz has positive group velocity, while 

the one at around 10 GHz has negative group velocity.  The parameters of the theoretical 

model are chosen to fit the experimental data to provide a qualitive explanation of the 

measurement. 



Summary. 

Metamaterial – loaded waveguides have potential applications as higher order mode 

absorbers and beam position monitors. Theoretically the reverse Cherenkov effect in left-

handed metamaterials has interesting properties for particle detection. The strength of 

artificially constructed double-negative metamaterials is that they may be customized to 

exhibit a unique electromagnetic response not available in natural materials. In this paper 

we presented experimental results of a charged particle beam interaction with double-

negative metamaterial structure. 

Our previous theoretical and simulation work [19] on double-negative metamaterial 

loaded waveguides has now been followed up with experimental measurements. We 

designed a 2D metamaterial for a TM mode based waveguide. We performed cold tests 

with a network analyzer and demonstrated a left-handed band for the TM11 mode at 

around 10 GHz frequency. These were followed up with particle beam tests that showed 

generation of a strong signal in left-handed band at 10 GHz. This is an indirect 

demonstration of wakefield generation in left-handed band. To demonstrate the backward 

radiation directly some modifications of the design are needed to address issues of 

manufacturing tolerances and filtering of frequency content imposed by probes and 

cables. 
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Figure 1. Left: Metamaterial drawing. Center: Picture of manufactured metamaterial. 

Right: Waveguide with alignment grooves. 

 



Figure 2. Parametric simulations of mode launcher varying the length of the pin, h, 

(inches). The plots show transmission from the coaxial cable into the TM11 mode of the 

waveguide for various pin lengths.  The inserts show the design drawing and a picture of 

the manufactured mode launcher. 

 

Figure 3. Bench measurement of transmission of TM11 mode through the waveguide 

loaded only with split ring resonators. There is no transmission between 8.5 and 10.5 

GHz due to resonance in SRRs ( μ < 0). 



 

Figure 4. Transmission of TM11 mode through the waveguide loaded with the wire array 

(simulation). The thick curve corresponds to the case of an ideal wire array (wires are 

connected to the waveguide walls). The thin curve corresponds to short wires. There is a 

capacitive gap between the tip of each wire and a waveguide wall. Hence the undesirable 

transparent region near 10 GHz.  

 



Figure 5. Transmission of the TM11 mode through the waveguide loaded with the wire 

array (bench measurement). The thin line corresponds to wires with large variation of 

length. The plasma-like behavior is washed out by the transparent regions. The thick line 

represents the case of wires that have almost the same length. In this case, there are better 

defined regions of suppressed transmission (8-9GHz and 9.5-11GHz). Note, that there is 

no overcritical propagation. 

 

Figure 6. Combined bench measurement data. Transmission of the TM11 mode through 

the waveguide loaded with SRRs (thin solid line), through the wire array (thin dashed 

line) and through the combined structure (wire array + SRRs) (thick line). The combined 

structure has a transmission peak in the region 9.7-10.2 GHz, where neither SRRs nor 

wires exhibited transmission. This is the signature of left-handed band. 



 

Figure 7. Setup for beam test. Electron bunches pass through the waveguide loaded with 

metamaterial from left to right. The generated wakefield is being picked up by voltage 

probes on the waveguide walls. To verify that the electron beam passed through the 

structure, the beam image is monitored on a phosphor screen located behind the 

waveguide. The whole system is under vacuum to avoid air ionization by electrons that 

would produce additional background noise. 



 

Figure 8. Results of the beam test: single voltage probe measurement. The top portion of 

the figure shows the time dependent amplitude of the wakefield measured upon passage 

of the electron bunch.  The bottom shows the normalized frequency spectrum of the 

wakefield. We observe that the wakefield has a measurable 10 GHz peak above the noise 

floor. This corresponds to response of the structure in the left-handed band. 



 

Figure 9. Model of the medium parameters.  

 



Figure 10. Dispersion of the waveguide, loaded with dispersive medium (Fig 9), 

dispersion of an empty waveguide and a particle dispersion. 


