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γmc2 7 GeV 

Q 25 pC 

Ipeak 10 A 

εx,n 0.2 mm-mrad 

Δγmc2 1.4 MeV 

Lund 52 m 

G 0.36 

Rtot 0.85 

crystal C(4 4 4) 

Pout 1.7 MW 

Photons/
pulse 

1.1×109 

ΔEFWHM 1.95 meV 

ΔtFWHH 1.58 ps 

9

TABLE I: Possible undulator, beam, and optical cavity parameters. For all cases the transverse emittance εx = 0.2mm · mrad,
energy spread σE = 1.4MeV, the rms beam length σt = 1 ps, while the undulator gap is 5 mm. The characteristics in the lower
box are from x-ray pulses that have been coupled out of the cavity through the thin crystal; for a Gaussian στσω (rms) = 1/2.

Parameter 4.9156 keV 5.591 keV 12.04 keV 14.326 keV 19.936 keV

λu (cm) 2.244 1.96 1.76 1.656 1.50

Nu 1000 1500 3000 3000 3000

FEL K 2.50 1.53 1.51 1.322 1.05

Ebeam (GeV) 7.0 5.0 7.0 7.0 7.0

Ipeak (A) 10.0 20.0 10.0 20.0 20.0

Zβ (m) 4.5 6.0 10.0 10.0 10.0

Glinear 0.32 0.60 0.36 0.55 0.32

Rtotal 0.84 0.66 0.85 0.80 0.85

Lcavity (m) 40.0 60.0 100.0 100.0 100.0

Bragg crystal C(2 2 0) Si(2 2 4) C(4 4 4) Al2O3(0 0 0 30) C(5 5 9)

Crystal absorption 5% 12% 1.4% 12% 0.9%

Psat (MW) 99.0 22.7 25.8 25.2 12.9

spectral FWHM (meV) 2.67 2.70 1.95 2.25 1.95

temporal FWHM (ps) 1.68 1.35 1.58 1.94 1.30

στσω (rms) 2.25 1.38 0.98 3.98 1.14

photons/pulse 4.6× 109 6.0× 108 1.1× 109 6.2× 108 3.6× 108

peak power (MW) 2.5 1.5 1.66 0.76 0.57
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FIG. 7: Snapshots of the trapped cavity radiation for a typical simulation of the x-ray FEL oscillator at 1 Å (parameters are
listed in Table I). The top row shows the transverse-averaged power in solid (red) lines, with the 1 ps electron beam current
profile displayed by the dotted (green) line for comparison. The bottom row plots the normalized radiation spectrum with the
solid (red) line, and includes the total reflectivity of the Bragg crystals (including the artificial decrease to 85% total reflectivity)
as the dotted (green) line. The time and spectral properties fluctuate significantly until saturation around 200 passes, after
which a slow evolution occurs until a near-equilibrium state is reached around pass number 500. The final panel includes both
power and spectral profiles at both 600 and 1000 passes, which are nearly identical. After pass 1000, the temporal and spectral
properties of the transmitted radiation are nearly identical to that in the cavity, with the only difference being a decrease in
the energy/power of the output to ∼4-5% of the cavity pulse.
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FIG. 8: Out-coupled pulse power profiles in time and energy
after 1000 oscillator passes; compare with the cavity pulses
plotted in the last panel of Fig. 7.

several hundred passes, until the temporal and spectral

profiles reach a steady state. The final panel plots the

power and spectra at Npass = 600 and Npass = 1000,

showing very close overlap.

The temporal and spectral power profiles of the out-

coupled x-ray pulse after the 1000
th

pass are shown in

Fig. 8. To obtain these plots, we applied the complex

transmission coefficient of the thin crystal to the complex

electric field. Comparison to the final panels of Fig. 7

demonstrate that the output pulse properties are nearly

identical to that of the cavity pulse, the only significant

distinguishing feature being the ∼95% decrease in total

energy due to the small transmission of the thin crystal.

After 1000 passes, the transmitted radiation spectrum

has a measured rms width of 1.29 meV, while the tem-

poral rms width is about 0.51 ps. This corresponds to

a bandwidth-temporal product of 0.98, approaching the

Fourier limit of 0.5 for a Gaussian pulse profile. The out-

put pulse has a peak power of 1.54 MW, and the total

energy coupled out of the cavity is 2.2 µJ, corresponding

to 1.1× 10
9

photons.

B. Relaxed operation using a 100 fs electron beam

The “canonical” examples discussed thus far use a 1

ps electron beam with 25 to 50 pC of total charge and

a peak current between 10-20 A. This case typically re-

quires ∼3000 undulator periods, and a beam with nor-

malized emittance of εx = 0.2 mm ·mrad and normalized

energy spread σE/E = 0.02% to overcome the assumed

85% total cavity loss and yield net FEL gain. In this sec-

tion, we consider the possibility of further compressing a

25 pC electron beam to 100 fs, raising the peak current

to 100 A. We will find that such a compressed beam in-

creases the single pass FEL gain, thereby relaxing the re-

quirements on undulator length, beam emittance, and/or

total round trip reflectivity. We will discuss a few such

specific examples at 12-keV photon energy, although sim-

ilar results will also hold for the other 5-, 14-, and 20-keV

examples discussed in the previous sections.

TABLE II: Electron beam, undulator, and output radiation
parameters for the 100 fs, 100 A operation at 1Å. For net
gain and our definition of the gain G and total reflectivity
R, we require R(1 + G) > 1; the parameters listed assume
R = 0.5. The multiple reflections from the crystal surfaces
lead to a sequence of low-amplitude pulses, as shown in Fig. 9,
although the first, main pulse is nearly Gaussian. Note that
these oscillations follow the main pulse, so that the leading,
main pulse has a high contrast ratio with minimal pre-pulse
pedestal.

εx (mm · mrad) 0.2 0.3 0.3 0.4

σE/E (%) 0.02 0.02 0.03 0.02

Nu 1100 1670 2500 2220

Lu (m) 20.0 30.0 45.0 40.0

net gain G 1.64 1.63 1.29 1.23

Spectral

FWHM (meV)
14.7 18.4 16.2 15.3

Temporal

FWHM (fs)
170 148 156 165

Ppeak (MW) 8.4 6.1 0.64 1.1

photons/pulse 8.7× 108 5.5× 108 6.0× 107 1.2× 108

For a 100 A, 100 fs electron beam, we list the net FEL

gain G, which includes the decrease due to the finite spec-

tral bandwidth of the Bragg crystals, for several differ-

ent beam and undulator parameters in Table II. For the

present discussion we assume that the total roundtrip

loss equals 50%; note that the number of undulator peri-

ods has been chosen such that 1+G > 2, so that the net

gain exceeds the total loss. Table II indicates that raising

the current by a factor of ten at fixed charge can result in

relaxed requirements for the beam quality and/or the un-

dulator length, even with the comparatively low quality

factor of the cavity. The output pulse peak power is sim-

ilar or greater than similar parameters at 10 A peak cur-

rent, although the photon number is reduced due to the

shorter x-ray pulse, whose width is ∼150 fs full-width at

half-maximum (FWHM). Since the temporal width has

decreased by a factor of 15-20, the spectrum has broad-

ened a similar amount, to a FWHM ∼15-18 meV.

To compare with the 1 ps case of Figs. 7-8, we show the

output pulse power profile in time and energy in Fig. 9,

where we take the beam to have εx = 0.3 mm · mrad

and σE/E = 0.02% from Table II. The main peak is

nearly Gaussian in shape but now is followed in time by

a series of trailing pulses of decreasing amplitude. These

pulses can be associated with the multiple reflected pulses

at the crystal surfaces; their ∼300 fs periodicity can be

roughly associated to twice the thickness of the thin crys-

tal, 2d = 84 µm. Because of these trailing pulses, the rms

width is somewhat larger than what one might expect

for a Gaussian. However, since they come after the main

pulse, the pre-pulse is minimal, and the x-ray burst is ex-

pected to have a high contrast ratio ∼ 10
6

at the leading

edge. Figure 9 also plots the corresponding outcoupled

spectral profile. Because the bandwidth of the short 100
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γmc2 7 GeV 

Q 25 pC 

Ipeak 10 A 

εx,n 0.2 mm-mrad 

Δγmc2 1.4 MeV 

Lund 52 m 

G 0.36 

Rtot 0.85 

crystal C(4 4 4) 

Pout 1.7 MW 

Photons/
pulse 

1.1×109 

ΔEFWHM 1.95 meV 

ΔtFWHH 1.58 ps 

Compress	  the	  beam	  
further	  to	  increase	  current	  

and	  FEL	  gain	  

9

TABLE I: Possible undulator, beam, and optical cavity parameters. For all cases the transverse emittance εx = 0.2mm · mrad,
energy spread σE = 1.4MeV, the rms beam length σt = 1 ps, while the undulator gap is 5 mm. The characteristics in the lower
box are from x-ray pulses that have been coupled out of the cavity through the thin crystal; for a Gaussian στσω (rms) = 1/2.

Parameter 4.9156 keV 5.591 keV 12.04 keV 14.326 keV 19.936 keV

λu (cm) 2.244 1.96 1.76 1.656 1.50

Nu 1000 1500 3000 3000 3000

FEL K 2.50 1.53 1.51 1.322 1.05

Ebeam (GeV) 7.0 5.0 7.0 7.0 7.0

Ipeak (A) 10.0 20.0 10.0 20.0 20.0

Zβ (m) 4.5 6.0 10.0 10.0 10.0

Glinear 0.32 0.60 0.36 0.55 0.32

Rtotal 0.84 0.66 0.85 0.80 0.85

Lcavity (m) 40.0 60.0 100.0 100.0 100.0

Bragg crystal C(2 2 0) Si(2 2 4) C(4 4 4) Al2O3(0 0 0 30) C(5 5 9)

Crystal absorption 5% 12% 1.4% 12% 0.9%

Psat (MW) 99.0 22.7 25.8 25.2 12.9

spectral FWHM (meV) 2.67 2.70 1.95 2.25 1.95

temporal FWHM (ps) 1.68 1.35 1.58 1.94 1.30

στσω (rms) 2.25 1.38 0.98 3.98 1.14

photons/pulse 4.6× 109 6.0× 108 1.1× 109 6.2× 108 3.6× 108

peak power (MW) 2.5 1.5 1.66 0.76 0.57
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FIG. 7: Snapshots of the trapped cavity radiation for a typical simulation of the x-ray FEL oscillator at 1 Å (parameters are
listed in Table I). The top row shows the transverse-averaged power in solid (red) lines, with the 1 ps electron beam current
profile displayed by the dotted (green) line for comparison. The bottom row plots the normalized radiation spectrum with the
solid (red) line, and includes the total reflectivity of the Bragg crystals (including the artificial decrease to 85% total reflectivity)
as the dotted (green) line. The time and spectral properties fluctuate significantly until saturation around 200 passes, after
which a slow evolution occurs until a near-equilibrium state is reached around pass number 500. The final panel includes both
power and spectral profiles at both 600 and 1000 passes, which are nearly identical. After pass 1000, the temporal and spectral
properties of the transmitted radiation are nearly identical to that in the cavity, with the only difference being a decrease in
the energy/power of the output to ∼4-5% of the cavity pulse.
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FIG. 8: Out-coupled pulse power profiles in time and energy
after 1000 oscillator passes; compare with the cavity pulses
plotted in the last panel of Fig. 7.

several hundred passes, until the temporal and spectral

profiles reach a steady state. The final panel plots the

power and spectra at Npass = 600 and Npass = 1000,

showing very close overlap.

The temporal and spectral power profiles of the out-

coupled x-ray pulse after the 1000
th

pass are shown in

Fig. 8. To obtain these plots, we applied the complex

transmission coefficient of the thin crystal to the complex

electric field. Comparison to the final panels of Fig. 7

demonstrate that the output pulse properties are nearly

identical to that of the cavity pulse, the only significant

distinguishing feature being the ∼95% decrease in total

energy due to the small transmission of the thin crystal.

After 1000 passes, the transmitted radiation spectrum

has a measured rms width of 1.29 meV, while the tem-

poral rms width is about 0.51 ps. This corresponds to

a bandwidth-temporal product of 0.98, approaching the

Fourier limit of 0.5 for a Gaussian pulse profile. The out-

put pulse has a peak power of 1.54 MW, and the total

energy coupled out of the cavity is 2.2 µJ, corresponding

to 1.1× 10
9

photons.

B. Relaxed operation using a 100 fs electron beam

The “canonical” examples discussed thus far use a 1

ps electron beam with 25 to 50 pC of total charge and

a peak current between 10-20 A. This case typically re-

quires ∼3000 undulator periods, and a beam with nor-

malized emittance of εx = 0.2 mm ·mrad and normalized

energy spread σE/E = 0.02% to overcome the assumed

85% total cavity loss and yield net FEL gain. In this sec-

tion, we consider the possibility of further compressing a

25 pC electron beam to 100 fs, raising the peak current

to 100 A. We will find that such a compressed beam in-

creases the single pass FEL gain, thereby relaxing the re-

quirements on undulator length, beam emittance, and/or

total round trip reflectivity. We will discuss a few such

specific examples at 12-keV photon energy, although sim-

ilar results will also hold for the other 5-, 14-, and 20-keV

examples discussed in the previous sections.

TABLE II: Electron beam, undulator, and output radiation
parameters for the 100 fs, 100 A operation at 1Å. For net
gain and our definition of the gain G and total reflectivity
R, we require R(1 + G) > 1; the parameters listed assume
R = 0.5. The multiple reflections from the crystal surfaces
lead to a sequence of low-amplitude pulses, as shown in Fig. 9,
although the first, main pulse is nearly Gaussian. Note that
these oscillations follow the main pulse, so that the leading,
main pulse has a high contrast ratio with minimal pre-pulse
pedestal.

εx (mm · mrad) 0.2 0.3 0.3 0.4

σE/E (%) 0.02 0.02 0.03 0.02

Nu 1100 1670 2500 2220

Lu (m) 20.0 30.0 45.0 40.0

net gain G 1.64 1.63 1.29 1.23

Spectral

FWHM (meV)
14.7 18.4 16.2 15.3

Temporal

FWHM (fs)
170 148 156 165

Ppeak (MW) 8.4 6.1 0.64 1.1

photons/pulse 8.7× 108 5.5× 108 6.0× 107 1.2× 108

For a 100 A, 100 fs electron beam, we list the net FEL

gain G, which includes the decrease due to the finite spec-

tral bandwidth of the Bragg crystals, for several differ-

ent beam and undulator parameters in Table II. For the

present discussion we assume that the total roundtrip

loss equals 50%; note that the number of undulator peri-

ods has been chosen such that 1+G > 2, so that the net

gain exceeds the total loss. Table II indicates that raising

the current by a factor of ten at fixed charge can result in

relaxed requirements for the beam quality and/or the un-

dulator length, even with the comparatively low quality

factor of the cavity. The output pulse peak power is sim-

ilar or greater than similar parameters at 10 A peak cur-

rent, although the photon number is reduced due to the

shorter x-ray pulse, whose width is ∼150 fs full-width at

half-maximum (FWHM). Since the temporal width has

decreased by a factor of 15-20, the spectrum has broad-

ened a similar amount, to a FWHM ∼15-18 meV.

To compare with the 1 ps case of Figs. 7-8, we show the

output pulse power profile in time and energy in Fig. 9,

where we take the beam to have εx = 0.3 mm · mrad

and σE/E = 0.02% from Table II. The main peak is

nearly Gaussian in shape but now is followed in time by

a series of trailing pulses of decreasing amplitude. These

pulses can be associated with the multiple reflected pulses

at the crystal surfaces; their ∼300 fs periodicity can be

roughly associated to twice the thickness of the thin crys-

tal, 2d = 84 µm. Because of these trailing pulses, the rms

width is somewhat larger than what one might expect

for a Gaussian. However, since they come after the main

pulse, the pre-pulse is minimal, and the x-ray burst is ex-

pected to have a high contrast ratio ∼ 10
6

at the leading

edge. Figure 9 also plots the corresponding outcoupled

spectral profile. Because the bandwidth of the short 100
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γmc2 7 GeV 

Q 25 pC 

Ipeak 10 A 

εx,n 0.2 mm-mrad 

Δγmc2 1.4 MeV 

Lund 52 m 

G 0.36 

Rtot 0.85 

crystal C(4 4 4) 

Pout 1.7 MW 

Photons/
pulse 

1.1×109 

ΔEFWHM 1.95 meV 

ΔtFWHH 1.58 ps 

Ebeam 7 GeV 

Q 25 pC 

Ipeak 100 A 

εx,n 0.2 mm-mrad 

Δγmc2 0.02% 

Lund 20 m 

G 1.64 

Rtot 0.5 

crystal C(4 4 4) 

Pout 8.4 MW 

Photons/
pulse 

8.7 ×108 

ΔEFWHM 15 meV 

ΔtFWHH 170 fs 
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FIG. 9: Time and spectral profiles of the output radiation

using a 100 fs electron beam and the parameters listed in

Table II. In the top panel, the temporal profile shows ∼7 MW

peak power in a nearly Gaussian first pulse; the subsequent

pulse train is related to multiple reflections from the crystal

surface. The bottom panel shows the spectral properties of

the cavity reflectivity Rtotal with the dashed (green) line and

the transmission with the dotted (blue) line. The spectrum of

the cavity pulse just fits within the crystal bandwidth, which

leads to a similar shaped transmitted spectrum shown by the

solid (red) line. Because the transmission of the thin crystal

increases near the edges, the transmitted pulse spectrum is

slightly distorted; nevertheless the spectrum is nearly single-

peaked, with a FWHM ∼18 meV and a fractional bandwidth

∼1.5×10
−6

.

fs electron beam is greater than that of the crystals, the

x-ray spectrum fills the Bragg bandpass with a single

peak. The slight distortion in the spectrum near 10 meV

arises from the increased transmission of the thin crystal

(plotted as the dotted blue line) away from the central

energy.

C. Four-crystal geometry for a tunable,
low-bandwidth x-ray source

The x-ray FEL oscillator scenarios presented in the

two previous sections used the simple two-crystal cavity

assuming near backscattering from the crystal surfaces.

The major drawback to this scheme is that because the

x-ray energy is set by Bragg’s law E = EH/ cos Θ, it can-

not be easily varied for Θ� 1. In order to vary the x-ray

energy, one can use the four-mirror geometry shown in

Fig. 4. For this configuration, the x-ray angle of incidence

Θ is adjusted at all four mirrors so as to vary the photon

energy while maintaining the same round trip length. As

previously mentioned, the basic physics of this cavity are

similar to that of the simple resonator cavity discussed in

Sec. III C, but the additional elements will also decrease

the round-trip reflectivity, while the finite angular accep-

tance of the crystals at Θ � 1
◦

will introduce additional

physics constraints. However, our GINGER simulations

do not include the angular response of the Bragg crystals.

For the present study, we assume that the focusing ele-

ments produce a 0.25 µrad x-ray divergence on the Bragg

crystals, a value much less than the crystal acceptance of

∼1-4 µrad. Thus, while we expect that the results pre-

sented here should give a reasonable indication of the

four-mirror requirements and x-ray properties, definitive

predictions will have to be deferred until further code

modifications have been made to more completely model

the 2D physics of this geometry.

We list the preliminary simulation parameters and re-

sults for several possible four-mirror x-ray FEL oscilla-

tor configurations in Table III. The basic required pa-

rameters and output characteristics are quite similar to

those listed in Table I, although the electron beam cur-

rent (and, hence, charge) has been increased to 20 A to

overcome the additional losses. Additionally, we include

two separate results for each of the 9- and 14-keV pho-

ton energies: one for which we use the theoretical crystal

reflectivities and assume a 5% loss for each of two fo-

cusing elements, and another that includes an additional

10% loss. This decreases the peak power and photon flux

by approximately a factor of two, but still provides co-

herent, nearly Fourier-limited x-ray pulses with FWHM

bandwidths between 1 and 2 meV. Simulation results in-

dicate that there is sufficient gain to tune the photon

energy by about ±3% for the lower two energies. At 20

keV, a tuning in energy of ±1.7% can be achieved. The

pulse profiles in time and spectra look similar to those of

the two-crystal cavity shown in Fig. 8.

We might also consider using the compressed, 100 A

beam option presented in Sec. IV B, with the hope of in-

creasing the linear gain and thereby decreasing the beam

emittance or cavity reflectivity requirements. This at-

tractive possibility cannot be addressed without includ-

ing the angular divergence of the Bragg crystal because

the x-ray spectrum produced by a 100 fs electron beam

will fill the entire spectral bandpass, and the radiation

will be affected by the full R(λ, Θ). We plan to inves-

tigate these physics issues in subsequent work, in which

angle-dependent reflectivity will be included in our sim-

ulation model.
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FIG. 9: Time and spectral profiles of the output radiation

using a 100 fs electron beam and the parameters listed in

Table II. In the top panel, the temporal profile shows ∼7 MW

peak power in a nearly Gaussian first pulse; the subsequent

pulse train is related to multiple reflections from the crystal

surface. The bottom panel shows the spectral properties of

the cavity reflectivity Rtotal with the dashed (green) line and

the transmission with the dotted (blue) line. The spectrum of

the cavity pulse just fits within the crystal bandwidth, which

leads to a similar shaped transmitted spectrum shown by the

solid (red) line. Because the transmission of the thin crystal

increases near the edges, the transmitted pulse spectrum is

slightly distorted; nevertheless the spectrum is nearly single-

peaked, with a FWHM ∼18 meV and a fractional bandwidth

∼1.5×10
−6

.

fs electron beam is greater than that of the crystals, the

x-ray spectrum fills the Bragg bandpass with a single

peak. The slight distortion in the spectrum near 10 meV

arises from the increased transmission of the thin crystal

(plotted as the dotted blue line) away from the central

energy.

C. Four-crystal geometry for a tunable,
low-bandwidth x-ray source
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assuming near backscattering from the crystal surfaces.

The major drawback to this scheme is that because the

x-ray energy is set by Bragg’s law E = EH/ cos Θ, it can-

not be easily varied for Θ� 1. In order to vary the x-ray

energy, one can use the four-mirror geometry shown in

Fig. 4. For this configuration, the x-ray angle of incidence

Θ is adjusted at all four mirrors so as to vary the photon

energy while maintaining the same round trip length. As

previously mentioned, the basic physics of this cavity are

similar to that of the simple resonator cavity discussed in

Sec. III C, but the additional elements will also decrease

the round-trip reflectivity, while the finite angular accep-

tance of the crystals at Θ � 1
◦

will introduce additional

physics constraints. However, our GINGER simulations

do not include the angular response of the Bragg crystals.

For the present study, we assume that the focusing ele-

ments produce a 0.25 µrad x-ray divergence on the Bragg

crystals, a value much less than the crystal acceptance of

∼1-4 µrad. Thus, while we expect that the results pre-

sented here should give a reasonable indication of the

four-mirror requirements and x-ray properties, definitive

predictions will have to be deferred until further code

modifications have been made to more completely model

the 2D physics of this geometry.

We list the preliminary simulation parameters and re-

sults for several possible four-mirror x-ray FEL oscilla-

tor configurations in Table III. The basic required pa-

rameters and output characteristics are quite similar to

those listed in Table I, although the electron beam cur-

rent (and, hence, charge) has been increased to 20 A to

overcome the additional losses. Additionally, we include

two separate results for each of the 9- and 14-keV pho-

ton energies: one for which we use the theoretical crystal

reflectivities and assume a 5% loss for each of two fo-

cusing elements, and another that includes an additional

10% loss. This decreases the peak power and photon flux

by approximately a factor of two, but still provides co-

herent, nearly Fourier-limited x-ray pulses with FWHM

bandwidths between 1 and 2 meV. Simulation results in-

dicate that there is sufficient gain to tune the photon

energy by about ±3% for the lower two energies. At 20

keV, a tuning in energy of ±1.7% can be achieved. The

pulse profiles in time and spectra look similar to those of

the two-crystal cavity shown in Fig. 8.

We might also consider using the compressed, 100 A

beam option presented in Sec. IV B, with the hope of in-

creasing the linear gain and thereby decreasing the beam

emittance or cavity reflectivity requirements. This at-

tractive possibility cannot be addressed without includ-

ing the angular divergence of the Bragg crystal because

the x-ray spectrum produced by a 100 fs electron beam

will fill the entire spectral bandpass, and the radiation

will be affected by the full R(λ, Θ). We plan to inves-

tigate these physics issues in subsequent work, in which

angle-dependent reflectivity will be included in our sim-

ulation model.
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γmc2 7 GeV 

Q 25 pC 

Ipeak 10 A 

εx,n 0.2 mm-mrad 

Δγmc2 1.4 MeV 

Lund 52 m 

G 0.36 

Rtot 0.85 

crystal C(4 4 4) 

Pout 1.7 MW 

Photons/
pulse 

1.1×109 

ΔEFWHM 1.95 meV 

ΔtFWHH 1.58 ps 

Ebeam 7 GeV 

Q 25 pC 

Ipeak 100 A 

εx,n 0.2 mm-mrad 

Δγmc2 1.4 MeV 

Lund 20 m 

G 1.64 

Rtot 0.5 

crystal C(4 4 4) 

Pout 8.4 MW 

Photons/
pulse 

8.7 ×108 

ΔEFWHM 15 meV 

ΔtFWHH 170 fs 

Ebeam 7 GeV 

Q 25 pC 

Ipeak 100 A 

εx,n 0.4 mm-mrad 

Δγmc2 1.4 MeV 

Lund 40 m 

G 1.23 

Rtot 0.5 

crystal C(4 4 4) 

Pout 1.1 MW 

Photons/
pulse 

8.2 ×108 

ΔEFWHM 15 meV 

ΔtFWHH 165 fs 
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γmc2 7 GeV 

Q 25 pC 

Ipeak 10 A 

εx,n 0.2 mm-mrad 

Δγmc2 1.4 MeV 

Lund 52 m 

G 0.36 

Rtot 0.85 

crystal C(4 4 4) 

Pout 1.7 MW 

Photons/
pulse 

1.1×109 

ΔEFWHM 1.95 meV 

ΔtFWHH 1.58 ps 

If	  emi_ance,	  energy	  spread	  
(and/or	  temporal	  duraBon)	  
decreased	  one	  can	  consider	  
many	  other	  possibiliBes	  	  	  

Beam	  brightness	  is	  far	  
from	  opBmal	  for	  our	  

parameters	  

9

TABLE I: Possible undulator, beam, and optical cavity parameters. For all cases the transverse emittance εx = 0.2mm · mrad,
energy spread σE = 1.4MeV, the rms beam length σt = 1 ps, while the undulator gap is 5 mm. The characteristics in the lower
box are from x-ray pulses that have been coupled out of the cavity through the thin crystal; for a Gaussian στσω (rms) = 1/2.

Parameter 4.9156 keV 5.591 keV 12.04 keV 14.326 keV 19.936 keV

λu (cm) 2.244 1.96 1.76 1.656 1.50

Nu 1000 1500 3000 3000 3000

FEL K 2.50 1.53 1.51 1.322 1.05

Ebeam (GeV) 7.0 5.0 7.0 7.0 7.0

Ipeak (A) 10.0 20.0 10.0 20.0 20.0

Zβ (m) 4.5 6.0 10.0 10.0 10.0

Glinear 0.32 0.60 0.36 0.55 0.32

Rtotal 0.84 0.66 0.85 0.80 0.85

Lcavity (m) 40.0 60.0 100.0 100.0 100.0

Bragg crystal C(2 2 0) Si(2 2 4) C(4 4 4) Al2O3(0 0 0 30) C(5 5 9)

Crystal absorption 5% 12% 1.4% 12% 0.9%

Psat (MW) 99.0 22.7 25.8 25.2 12.9

spectral FWHM (meV) 2.67 2.70 1.95 2.25 1.95

temporal FWHM (ps) 1.68 1.35 1.58 1.94 1.30

στσω (rms) 2.25 1.38 0.98 3.98 1.14

photons/pulse 4.6× 109 6.0× 108 1.1× 109 6.2× 108 3.6× 108

peak power (MW) 2.5 1.5 1.66 0.76 0.57
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FIG. 7: Snapshots of the trapped cavity radiation for a typical simulation of the x-ray FEL oscillator at 1 Å (parameters are
listed in Table I). The top row shows the transverse-averaged power in solid (red) lines, with the 1 ps electron beam current
profile displayed by the dotted (green) line for comparison. The bottom row plots the normalized radiation spectrum with the
solid (red) line, and includes the total reflectivity of the Bragg crystals (including the artificial decrease to 85% total reflectivity)
as the dotted (green) line. The time and spectral properties fluctuate significantly until saturation around 200 passes, after
which a slow evolution occurs until a near-equilibrium state is reached around pass number 500. The final panel includes both
power and spectral profiles at both 600 and 1000 passes, which are nearly identical. After pass 1000, the temporal and spectral
properties of the transmitted radiation are nearly identical to that in the cavity, with the only difference being a decrease in
the energy/power of the output to ∼4-5% of the cavity pulse.
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FIG. 8: Out-coupled pulse power profiles in time and energy
after 1000 oscillator passes; compare with the cavity pulses
plotted in the last panel of Fig. 7.

several hundred passes, until the temporal and spectral

profiles reach a steady state. The final panel plots the

power and spectra at Npass = 600 and Npass = 1000,

showing very close overlap.

The temporal and spectral power profiles of the out-

coupled x-ray pulse after the 1000
th

pass are shown in

Fig. 8. To obtain these plots, we applied the complex

transmission coefficient of the thin crystal to the complex

electric field. Comparison to the final panels of Fig. 7

demonstrate that the output pulse properties are nearly

identical to that of the cavity pulse, the only significant

distinguishing feature being the ∼95% decrease in total

energy due to the small transmission of the thin crystal.

After 1000 passes, the transmitted radiation spectrum

has a measured rms width of 1.29 meV, while the tem-

poral rms width is about 0.51 ps. This corresponds to

a bandwidth-temporal product of 0.98, approaching the

Fourier limit of 0.5 for a Gaussian pulse profile. The out-

put pulse has a peak power of 1.54 MW, and the total

energy coupled out of the cavity is 2.2 µJ, corresponding

to 1.1× 10
9

photons.

B. Relaxed operation using a 100 fs electron beam

The “canonical” examples discussed thus far use a 1

ps electron beam with 25 to 50 pC of total charge and

a peak current between 10-20 A. This case typically re-

quires ∼3000 undulator periods, and a beam with nor-

malized emittance of εx = 0.2 mm ·mrad and normalized

energy spread σE/E = 0.02% to overcome the assumed

85% total cavity loss and yield net FEL gain. In this sec-

tion, we consider the possibility of further compressing a

25 pC electron beam to 100 fs, raising the peak current

to 100 A. We will find that such a compressed beam in-

creases the single pass FEL gain, thereby relaxing the re-

quirements on undulator length, beam emittance, and/or

total round trip reflectivity. We will discuss a few such

specific examples at 12-keV photon energy, although sim-

ilar results will also hold for the other 5-, 14-, and 20-keV

examples discussed in the previous sections.

TABLE II: Electron beam, undulator, and output radiation
parameters for the 100 fs, 100 A operation at 1Å. For net
gain and our definition of the gain G and total reflectivity
R, we require R(1 + G) > 1; the parameters listed assume
R = 0.5. The multiple reflections from the crystal surfaces
lead to a sequence of low-amplitude pulses, as shown in Fig. 9,
although the first, main pulse is nearly Gaussian. Note that
these oscillations follow the main pulse, so that the leading,
main pulse has a high contrast ratio with minimal pre-pulse
pedestal.

εx (mm · mrad) 0.2 0.3 0.3 0.4

σE/E (%) 0.02 0.02 0.03 0.02

Nu 1100 1670 2500 2220

Lu (m) 20.0 30.0 45.0 40.0

net gain G 1.64 1.63 1.29 1.23

Spectral

FWHM (meV)
14.7 18.4 16.2 15.3

Temporal

FWHM (fs)
170 148 156 165

Ppeak (MW) 8.4 6.1 0.64 1.1

photons/pulse 8.7× 108 5.5× 108 6.0× 107 1.2× 108

For a 100 A, 100 fs electron beam, we list the net FEL

gain G, which includes the decrease due to the finite spec-

tral bandwidth of the Bragg crystals, for several differ-

ent beam and undulator parameters in Table II. For the

present discussion we assume that the total roundtrip

loss equals 50%; note that the number of undulator peri-

ods has been chosen such that 1+G > 2, so that the net

gain exceeds the total loss. Table II indicates that raising

the current by a factor of ten at fixed charge can result in

relaxed requirements for the beam quality and/or the un-

dulator length, even with the comparatively low quality

factor of the cavity. The output pulse peak power is sim-

ilar or greater than similar parameters at 10 A peak cur-

rent, although the photon number is reduced due to the

shorter x-ray pulse, whose width is ∼150 fs full-width at

half-maximum (FWHM). Since the temporal width has

decreased by a factor of 15-20, the spectrum has broad-

ened a similar amount, to a FWHM ∼15-18 meV.

To compare with the 1 ps case of Figs. 7-8, we show the

output pulse power profile in time and energy in Fig. 9,

where we take the beam to have εx = 0.3 mm · mrad

and σE/E = 0.02% from Table II. The main peak is

nearly Gaussian in shape but now is followed in time by

a series of trailing pulses of decreasing amplitude. These

pulses can be associated with the multiple reflected pulses

at the crystal surfaces; their ∼300 fs periodicity can be

roughly associated to twice the thickness of the thin crys-

tal, 2d = 84 µm. Because of these trailing pulses, the rms

width is somewhat larger than what one might expect

for a Gaussian. However, since they come after the main

pulse, the pre-pulse is minimal, and the x-ray burst is ex-

pected to have a high contrast ratio ∼ 10
6

at the leading

edge. Figure 9 also plots the corresponding outcoupled

spectral profile. Because the bandwidth of the short 100
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γmc2 7 GeV 

Q 25 pC 

Ipeak 10 A 

εx,n 0.2 mm-mrad 

Δγmc2 1.4 MeV 

Lund 52 m 

G 0.36 

Rtot 0.85 

crystal C(4 4 4) 

Pout 1.7 MW 

Photons/
pulse 

1.1×109 

ΔEFWHM 1.95 meV 

ΔtFWHH 1.58 ps 

γεx,n � λ

4π
Negligible	  emi_ance:	  

G → 1.3εx,n � 0.01 mm ·mrad



The	  Advanced	  Photon	  Source	  is	  an	  Office	  of	  Science	  User	  Facility	  operated	  for	  the	  U.S.	  Department	  of	  Energy	  Office	  of	  Science	  by	  Argonne	  NaBonal	  Laboratory	  

εx,n � 0.01 mm ·mrad

“Canonical” Parameters and performance 

8	  

R.R.	  Lindberg,	  K-‐J.	  Kim,	  Yu.	  Shvyd’ko,	  and	  W.M.	  Fawley,	  Phys.	  Rev.	  ST-‐AB.	  14,	  010701	  (2011)	  

γmc2 7 GeV 

Q 25 pC 

Ipeak 10 A 

εx,n 0.2 mm-mrad 

Δγmc2 1.4 MeV 

Lund 52 m 

G 0.36 

Rtot 0.85 

crystal C(4 4 4) 

Pout 1.7 MW 

Photons/
pulse 

1.1×109 

ΔEFWHM 1.95 meV 

ΔtFWHH 1.58 ps 

γεx,n � λ

4π

∆γ

γ
� 1

2Nu

∆γmc2 � 100 keV

Negligible	  emi_ance:	  

Negligible	  energy	  spread:	  

G → 2.3

G → 1.3



The	  Advanced	  Photon	  Source	  is	  an	  Office	  of	  Science	  User	  Facility	  operated	  for	  the	  U.S.	  Department	  of	  Energy	  Office	  of	  Science	  by	  Argonne	  NaBonal	  Laboratory	  

“Canonical” Parameters and performance 

9	  

R.R.	  Lindberg,	  K-‐J.	  Kim,	  Yu.	  Shvyd’ko,	  and	  W.M.	  Fawley,	  Phys.	  Rev.	  ST-‐AB.	  14,	  010701	  (2011)	  

γmc2 7 GeV 

Q 25 pC 

Ipeak 10 A 

εx,n 0.2 mm-mrad 

Δγmc2 1.4 MeV 

Lund 52 m 

G 0.36 

Rtot 0.85 

crystal C(4 4 4) 

Pout 1.7 MW 

Photons/
pulse 

1.1×109 

ΔEFWHM 1.95 meV 

ΔtFWHH 1.58 ps 

γεx,n � λ

4π

∆γ

γ
� 1

2Nu

∆γmc2 � 100 keV

Negligible	  emi_ance:	  

Negligible	  energy	  spread:	  

G → 2.3

G → 1.3

Both	  
G → 11

εx,n � 0.01 mm ·mrad



The	  Advanced	  Photon	  Source	  is	  an	  Office	  of	  Science	  User	  Facility	  operated	  for	  the	  U.S.	  Department	  of	  Energy	  Office	  of	  Science	  by	  Argonne	  NaBonal	  Laboratory	  

εx,n � 0.01 mm ·mrad

“Canonical” Parameters and performance 

10	  

R.R.	  Lindberg,	  K-‐J.	  Kim,	  Yu.	  Shvyd’ko,	  and	  W.M.	  Fawley,	  Phys.	  Rev.	  ST-‐AB.	  14,	  010701	  (2011)	  

γmc2 7 GeV 

Q 25 pC 

Ipeak 10 A 

εx,n 0.2 mm-mrad 

Δγmc2 1.4 MeV 

Lund 52 m 

G 0.36 

Rtot 0.85 

crystal C(4 4 4) 

Pout 1.7 MW 

Photons/
pulse 

1.1×109 

ΔEFWHM 1.95 meV 

ΔtFWHH 1.58 ps 

γεx,n � λ

4π

∆γ

γ
� 1

2Nu

∆γmc2 � 100 keV

Negligible	  emi_ance:	  

Negligible	  energy	  spread:	  

G → 2.3

G → 1.3

εx,n = 0.1 mm ·mrad, ∆γmc2 = 0.7 MeV G → 1.8
Halving	  emi_ance	  and	  energy	  spread:	  

Both	  
G → 11
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“Canonical” Parameters and performance 
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R.R.	  Lindberg,	  K-‐J.	  Kim,	  Yu.	  Shvyd’ko,	  and	  W.M.	  Fawley,	  Phys.	  Rev.	  ST-‐AB.	  14,	  010701	  (2011)	  

γmc2 7 GeV 

Q 25 pC 

Ipeak 10 A 

εx,n 0.2 mm-mrad 

Δγmc2 1.4 MeV 

Lund 52 m 

G 0.36 

Rtot 0.85 

crystal C(4 4 4) 

Pout 1.7 MW 

Photons/
pulse 

1.1×109 

ΔEFWHM 1.95 meV 

ΔtFWHH 1.58 ps 

εx,n � 10−2 mm ·mrad

γεx,n � λ

4π

∆γ

γ
� 1

2Nu

∆γmc2 � 100 keV

Negligible	  emi_ance:	  

Negligible	  energy	  spread:	  

G → 2.3

G → 1.3

εx,n = 0.1 mm ·mrad, ∆γmc2 = 0.7 MeV G → 1.8
Halving	  emi_ance	  and	  energy	  spread:	  

Both	  
G → 11

One	  way	  to	  decrease	  emi_ance	  is	  to	  
decrease	  charge	  
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Smaller emittance beams for XFELO 
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*	  R.	  Hajima	  and	  N.	  Nishimori,	  Proc.	  of	  2009	  FEL	  Conf	  
†	  Dai,	  H.	  Deng,	  and	  Z.	  Dai,	  Phys.	  Rev.	  Le_.	  108,	  034802	  (2012).	  
¥	  J.B.	  Rosenzweig,	  et	  al.,,	  Nucl.	  Instrum.	  Methods	  A.	  593,	  39	  (2008).	  

Decrease	  in	  emi_ance	  ~50%,	  energy	  spread	  by	  factor	  of	  6,	  and	  width	  by	  2	  
permits	  proposed	  XFELO	  in	  JAERI-‐KEK	  ERL	  design	  to	  operate	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

5	  GeV	  and	  lower	  peak	  current*	  

Decrease	  in	  emi_ance	  by	  ~2.5,	  energy	  spread	  by	  factor	  of	  14,	  and	  width	  by	  4	  
permits	  lasing	  at	  the	  3rd	  harmonic	  at	  3.5	  GeV†	  

As	  an	  extreme	  example	  of	  the	  possible	  uses	  of	  low	  charge,	  we	  have	  
adapted	  the	  1pC,	  ultra-‐short	  beams	  first	  proposed	  for	  high-‐gain	  FELs	  in	  

the	  “single	  spike”	  regime¥	  

Q	  =	  1	  pC,	  	  	  	  	  	  σe	  =	  250	  fs	  è	  I	  =	  1.6	  A	  	  	  	  	  
εxn	  =	  0.062	  mm�mrad	  	  	  	  	  	  	  	  	  	  	  	  ΔE	  =	  250	  keV	  	  	  	  
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Ebeam 7 GeV 

Q 1 pC 

Ipeak 1.6 A 

εx,n 0.062 mm-mrad 

Δγmc2 250 keV 

Lund 52 m 

G 0.74 

Rtot 0.5 

crystal C(4 4 4) 

Pout 31 kW 

Photons/
pulse 

5×106 

ΔEFWHM 6.3 meV 

ΔtFWHH 0.42 ps 

XFELO using ultra-small emittance beam @ 1pC 

γmc2 7 GeV 

Q 25 pC 

Ipeak 10 A 

εx,n 0.2 mm-mrad 

Δγmc2 1.4 MeV 

Lund 52 m 

G 0.36 

Rtot 0.85 

crystal C(4 4 4) 

Pout 1.7 MW 

Photons/
pulse 

1.1×109 

ΔEFWHM 1.95 meV 

ΔtFWHH 1.58 ps 
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Ebeam 7 GeV 

Q 1 pC 

Ipeak 1.6 A 

εx,n 0.062 mm-mrad 

Δγmc2 250 keV 

Lund 52 m 

G 0.74 

Rtot 0.85 

crystal C(4 4 4) 

Pout 500 kW 

Photons/
pulse 

1×108 

ΔEFWHM 6.3 meV 

ΔtFWHH 0.42 ps 

XFELO using ultra-small emittance beam @ 1pC 

γmc2 7 GeV 

Q 25 pC 

Ipeak 10 A 

εx,n 0.2 mm-mrad 

Δγmc2 1.4 MeV 

Lund 52 m 

G 0.36 

Rtot 0.85 

crystal C(4 4 4) 

Pout 1.7 MW 

Photons/
pulse 

1.1×109 

ΔEFWHM 1.95 meV 

ΔtFWHH 1.58 ps 
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Ebeam 7 GeV 

Q 1 pC 

Ipeak 1.6 A 

εx,n 0.062 mm-mrad 

Δγmc2 250 keV 

Lund 52 m 

G 0.74 

Rtot 0.85 

crystal C(4 4 4) 

Pout 500 kW 

Photons/
pulse 

1×108 

ΔEFWHM 6.3 meV 

ΔtFWHH 0.42 ps 

XFELO using ultra-small emittance beam @ 1pC 

γmc2 7 GeV 

Q 25 pC 

Ipeak 10 A 

εx,n 0.2 mm-mrad 

Δγmc2 1.4 MeV 

Lund 52 m 

G 0.36 

Rtot 0.85 

crystal C(4 4 4) 

Pout 1.7 MW 

Photons/
pulse 

1.1×109 

ΔEFWHM 1.95 meV 

ΔtFWHH 1.58 ps 

Ebeam 7 GeV 

Q 1 pC 

Ipeak 1.6 A 

εx,n 0.062 mm-mrad 

Δγmc2 250 keV 

Lund 35 m 

G 0.39 

Rtot 0.85 

crystal C(4 4 4) 

Pout 650 MW 

Photons/
pulse 

1.2×108 

ΔEFWHM 5.6 meV 

ΔtFWHH 0.4 fs 
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Tevatron-size Ultimate storage ring 
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M.	  Borland,	  “A	  Tevatron-‐sized	  UlBmate	  Storage	  Ring	  Light	  Source	  Based	  on	  the	  PEP-‐X	  Lauce,”	  
AOP-‐TN-‐2011-‐039	  (2011)	  

11	  GeV	  beam	  energy	  with	  2	  damping	  undulators	  

Michael	  Borland	  invesBgated	  the	  possibility	  of	  a	  Tevatron-‐sized	  ulBmate	  storage,	  
and	  found	  the	  se_led	  on	  the	  following	  2	  damping	  undulators	  

Geometric	  emi_ance	  =	  1.1	  pm	  	  	  	  	  	  	  	  	  	  Energy	  spread	  =	  15.4	  MeV	  

Bunch	  length	  ~8	  ps	  @	  100	  pC	  (I	  ~	  5	  A)	  

Energy	  spread	  dominated,	  with	  single	  pass	  gain	  ~1%	  

“Naïve”	  scaling	  to	  7	  GeV	  è	  Energy	  spread	  =	  6.3	  MeV	  and	  negligible	  emi_ance	  

Nu	  =	  500	  è	  G	  	  =	  6%	  
Nu	  =	  1000	  è	  G	  	  =	  9%	  

Caveats:	  beam	  damping	  Bme	  probably	  quite	  
long,	  how	  will	  other	  parameters	  change?	  

Storage	  ring-‐based	  XFELO	  not	  impossible,	  but	  the	  large	  natural	  energy	  
spread	  makes	  this	  very	  challenging…is	  there	  an	  opportunity	  here?	  


