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Abstract 
The CompactLight project is an advanced X-ray FEL 

light source, with high-frequency, high-gradient linacs and 
compact undulators. Lower electron energies give higher 
energy efficiency and a smaller environmental footprint. 
The extremely short bunch lengths (few fs) and narrow un-
dulator gaps (4 mm) drastically increase the impact of re-
sistive wall wakefields on the lasing process. The longitu-
dinal resistive wall wakefield impedance is calculated in 
accordance with anomalous skin effect (ASE) theory. The 
dependence of the electron energy loss factor and the en-
ergy spread of the bunch on the residual resistivity ratio 
(RRR) for both copper and aluminium is much stronger for 
long (100 fs) than for ultra-short (6 fs) bunches. This is due 
to a known property of the longitudinal resistive wake-
field - the field acting on a single particle traversing a re-
sistive vessel does not depend on the conductivity of the 
vessel. The wakefields generated by the ultra-short bunch 
are already close to that of a single-particle regime and this 
leads to interesting consequences which are discussed in 
the present work. 

INTRODUCTION 
The anomalous skin effect has been experimentally dis-

covered by Heinz London in 1940. It was noticed that the 
electric properties of a cold metallic sample at microwave 
frequencies are drastically different from its DC conductiv-
ity properties. In particular the variation of the surface re-
sistance of the sample (a quantity used in waveguide atten-
uation and resonator Q-factor calculations) with tempera-
ture displayed an “anomalous” behaviour. As the tempera-
ture was gradually lowered the surface resistance reached 
a lower limit followed by no further variation at even lower 
temperatures. In contrast, the bulk resistivity of the sample 
was found to decrease continuously with temperature even 
beyond the point where the surface resistance had stopped 
changing. This behaviour is impossible to explain if the va-
lidity of Ohm’s law is maintained. The latter predicts that 
the surface resistance is proportional to the square root of 
the resistivity. Brian Pippard [1, 2] pointed out that at high 
frequencies and low temperatures the applicability of 
Ohm’s law becomes questionable. Indeed, as the sample 
temperature is lowered the main electron scattering mech-
anism in “pure” metals (lattice phonons) gradually disap-
pear and this increases the mean free path of the electrons 
and, consequently, increases the DC conductivity of the 
sample. The latter in turn decreases the skin depth. Ohm’s 
law breaks down when the mean free path of the electron 
exceeds the skin depth. Therefore, Pippard argued, a new 
theory of charge transport in metals, valid at arbitrary 

temperatures and frequencies was needed. The latter was 
created in 1948 by Reuter and Sondheimer [3, 4].  

The application of this theory to the calculation of resis-
tive wall impedances and wakes in the cold beam pipes of 
superconducting undulators can be found in the litera-
ture [5, 6]. The main parameter of the theory is the ratio 
between the conductivity at the cryogenic temperature and 
that at room temperature. The latter ratio is known as the 
residual resistivity ratio (RRR). 

CompactLight [7] aims to produce a design of a hard 
X-ray FEL that can outperform today’s stay-of-the-art la-
sers. It will rely on high-gradient accelerator structures and 
will benefit from lower electron energies thus producing a 
smaller environmental footprint. The latter will be 
achieved through the installation of efficient superconduct-
ing undulators. Electron bunches as short as 6 fs have been 
considered in combination with undulator vessel apertures 
of 4 mm. Both these factors favour the generation of strong 
resistive wall wakes that need to be analysed and their im-
pact on the undulator performance needs to be carefully 
considered. This is the aim of the present study.  

RESULTS AND DISCUSSION 
In what follows undulator vessels made of copper and 

aluminium have been considered (see Table 1). The math-
ematical model of [5] and the standard definitions of a loss 
factor and r.m.s. energy spread have been adopted [6]. The 
calculations have been performed for both an ultra-short 
6 fs and a more standard 100 fs Gaussian bunches. Two 
types of vessel geometries – a cylindrical one (“Round”) 
and set a two parallel plates (“Flat”) have been considered, 
although in practice only the cylindrical vessel is relevant. 
The “Flat” geometry can be seen as a limiting case of a 
high-ellipticity elliptical vessel as the wakes generated by 
the two structures closely approximate each other.  

 

Table 1: Room-temperature Parameters of Copper (Cu) and 
Aluminium (Al) 

Material Conductivity 
[S/m] 

Mean 
Free Path 

[nm] 
Relaxation 
Time [fs] 

Cu 5.7×107 35.6 22.3 

Al 3.7×107 14.5 7.25 
 

Figures 1 and 2 show the dependence on RRR, or, equiv-
alently, the temperature, of the loss factor and the r.m.s. en-
ergy spread of a 6 fs Gaussian bunch. As can be seen the 
“Flat” vessel results in lower wakefield impact on the 
bunch. In addition, the aluminium slightly outperforms the 
copper, despite having a lower conductivity. Interestingly, 
the temperature, or RRR, plays only a minor role beyond 
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small variation for aluminium at low RRR values. To un-
derstand the reason for this outcome the same calculation 
has been repeated for a much longer 100 fs bunch and the 
result is shown in Fig. 3. As can be seen there is more than 
a factor of two variation of the loss factor between a room 
temperature vessel and a cold one in accordance with what 
is expected intuitively.  

 
Figure 1: Loss factor kloss vs the residual resistivity ratio 
(RRR) for an aluminium and copper undulator vessels in 
“Flat” (two parallel plates) and “Round” (cylinder) geom-
etries for a 6 fs r.m.s. length Gaussian bunch.  

 
Figure 2: R.M.S. energy spread (per electron) vs the resid-
ual resistivity ratio (RRR) for an aluminium and copper un-
dulator vessels in “Flat” (two parallel plates) and “Round” 
(cylinder) geometries for a 6 fs r.m.s. length Gaussian 
bunch. 

 
Figure 3: Loss factor kloss vs the residual resistivity ratio 
(RRR) for a copper undulator vessels in “Flat” (two paral-
lel plates) and “Round” (cylinder) geometries for a 100 fs 
r.m.s. length Gaussian bunch. 

Figure 4 shows the spectrum of the 100 fs bunch (arbi-
trary units) plotted with the real part of the wakefield im-
pedance of a cold vessel and a vessel at room temperature 
(see Eq. (26) in [6]). As Fig. 4 shows the spectrum of the 
100 fs bunch is entirely confined to the frequency range 
(below 5 THz) where lowering the temperature lowers the 
real part of the impedance. This is in full accordance with 
the trend observed in Fig. 3. It can be seen that there is a 
frequency range around the impedance peak in Fig. 4 
where lowering the temperature increases the impedance. 
In addition, beyond 10 THz lowering the temperature does 
not seem to have an impact at all. The ultrashort bunch has 
a very broad spectrum with non-zero frequency compo-
nents up to 80 THz thus covering all three frequency re-
gions in Fig. 4. It is, therefore, clear that the ultrashort 
bunch displays a qualitatively different behaviour. To illus-
trate this further Fig. 5 shows the wakepotentials (Green’s 
functions) of a cylindrical beam pipe in three cases: alu-
minium at low temperature, aluminium at room tempera-
ture and low-temperature copper (see Figs. 2 and 4 in [5]). 
The point-like source charge is located in the origin of the 
co-ordinate system. The field that this charge “sees” does 
not seem to depend on the temperature, conductivity and 
the charge transport mechanism (classical or anomalous). 
A formula for the loss factor of a point-like charge in a re-
sistive vessel in the Ohmic (room-temperature) regime can 
be found in the literature [8] and the loss factor in this case 
does not depend on the conductivity. It can be concluded, 
therefore, that the wakes generated by the of ultra-short 6 fs 
bunch resemble that of a point-like charge with only week 
dependence on the temperature, conductivity and charge-
transport mechanism as Figs. 1 and 2 show.  

 

 
Figure 4: Real part of the longitudinal wakefield imped-
ance of a “Flat” copper vessel (two parallel plates) at cry-
ogenic temperature (red) and room temperature (black).  
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Figure 5: Wakepotentials (Green’s functions of the prob-
lem) of a 2.5 mm radius cylindrical beam pipe made of al-
uminium at cryogenic temperature (blue line) and room 
temperature (dashed blue line) and of room-temperature 
copper pipe (red line) of the same shape and radius. 

CONCLUSION 
The aim this work is to assess the impact of the resistive 

wall wakes in the CompactLight superconducting undula-
tor on the FEL performance and to help devise mitigation 
strategies. The outcome from the FEL performance analy-
sis is presented elsewhere. It turns out, however, that the 
wakes generated by the ultra-short 6 fs bunch are qualita-
tively different from that of the more standard bunches that 
are tens or hundreds of femtoseconds long and this makes 
the ultra-short bunch case an interesting one. The 6fs bunch 
is similar to a “point-like” charge: the way its wakes impact 
the bunch depends weekly on the vessel material, temper-
ature and conductivity mechanism (ASE or Ohmic), as pre-
dicted by the standard theory. Naturally, this conclusion de-
pends on the applicability of the Leontovich boundary con-
dition that the wakefield impedance derivation is based 
on [5, 6, 8]. If the wakes generated by the 6 fs bunch result 
in a tolerable FEL performance degradation the material 
for the undulator vessel can be chosen from mechanical en-
gineering considerations; aluminium alloy instead of 
“pure” aluminium can be used as conductivity and RRR 
values attainable do not seem to be critical for ultra-short 
bunches. In addition, reducing the bunch length further will 
lead to a negligible additional wakefield-induced perfor-
mance degradation. Indeed, the latter is equivalent to add-
ing beam current at frequencies where there is no wakefield 
response. Naturally, an alloy with very low RRR is not op-
timal if the same undulator is operated with much longer 
bunches as in the latter case higher RRR is beneficial to 
some extent (see Fig. 3). A room-temperature undulator 
with an ultrashort bunch should naturally favour NEG as a 
vacuum solution because the additional wakefield-induced 
performance degradation due to the lower conductivity of 
NEG would be relatively small. In contrast, in a recent 
study NEG coating was rejected for CLARA (Daresbury 
Laboratory, UK), as NEG was predicted to increase the 

bunch energy spread by as much as a factor of the order of 
100 [9, 10] compared to a copper vessel with no coating. 
The CLARA bunch length considered in that study, how-
ever, was of the order of 250 fs. 
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