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ABSTRACT 

We report observations of coherent optical transition radiation interferometry (COTRI) patterns 

generated by microbunched ~200-MeV electrons as they emerge from a laser-plasma accelerator. 

The divergence of the microbunched portion of electrons, deduced by comparison to a COTRI 

model, is ~9x smaller than the ~3 mrad ensemble beam divergence, while the radius of the 

microbunched beam, obtained from COTR images on the same shot, is < 3 microns. The combined 

results show that the microbunched distribution has estimated transverse normalized emittance ~0.4 

mm mrad. 
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Periodic longitudinal density modulation of relativistic electron beams (e-beams) at optical 

wavelengths (microbunching) gives rise to coherent light emission in such forms as synchrotron 

radiation, including the free-electron laser (FEL) [1,2], and optical transition radiation (OTR) in 

its coherent form (COTR). The latter has been observed from FELs [3,4] and laser-driven plasma 

accelerators (LPAs) [5-7]. The FEL mechanism depends fundamentally on growth of 

microbunching at the resonant wavelength and its harmonics [8]. In both FELs and LPAs, COTR 

can characterize microbunched portions of electrons [3-7].  Microbunching in an FEL oscillator 

was observed indirectly via buildup of FEL output power to saturation [2]. The first direct time-

resolved observation of microbunching in an FEL oscillator [9] used an off-phase final rf 

accelerator stage to streak a beam modulated at 60 µm wavelength, thereby mapping microbunch 

arrival time onto energy, measured in an electron spectrometer.  With the advent of self-

amplified spontaneous emission (SASE) FELs with a single-pass through a long amplifier chain, 

FEL light and the e-beam became accessible after each undulator, enabling tracking of FEL 

power and microbunching. The first measurements of microbunching evolution at visible 

wavelengths [3, 4] used COTR interferometry (COTRI) [10] to track microbunched features 

through exponential gain, saturation, and post-saturation [4].  An analytic model of COTRI 

fringe patterns showed growth of a microbunched transverse core in the exponential gain regime, 

and its subsequent reduction after saturation [4, 11]. Subsequently, such experiments were 

extended to vacuum ultraviolet wavelengths, further benchmarking this model [12, 13]. These 

experiments foreshadowed today’s x-ray SASE-FELs [2, 14-18] by benchmarking the GENESIS 

simulation code [19] used in their prediction and development [20].  

    Here, we apply COTRI for the first time to LPAs [21], a class of compact accelerators that has 

been in scientific literature for 40 years [22], with compact LPA-driven FELs [23] now 

prominent amongst a growing list of their potential applications.  Particle-in-cell simulations 

have predicted microbunching in LPAs [24, 25], which might be used to seed an FEL.  Indeed 

faster start-up of a SASE-FEL from a microbunched input beam than from noise has been 

reported [26].  Our measurements yield the first evaluation of beam emittance of the 

microbunched subset of LPA electrons with COTR techniques.  Microbunching in LPAs is not 

accessible with betatron x-ray spectroscopy [27], pepper-pot measurements [28], scintillator-

based methods [29], or other LPA e-beam diagnostics [30].  Detailed understanding of 

microbunching is critical to developing LPAs and LPA-driven FELs. Past experiments used 



3 
 

COTR to deduce the presence of sub-bunches located in adjacent LPA buckets [5] or of an 

intrabunch slice of sub-per cent energy spread [7]. Here we use interference of COTR from 2 

tandem foils downstream of the LPA to deduce the presence of visible-wavelength 

microbunching within the dominant quasi-monoenergetic component of an electron bunch that 

was ionization-injected [31, 32] into, and accelerated to ~200 MeV within, the leading plasma 

bubble of a strongly nonlinear LPA. Our results show that COTR gain relative to incoherent 

OTR rivals that obtained previously in a saturated SASE-FEL. As a result, COTR is intense 

enough to distribute to multiple cameras with different frequency filters or imaging modalities on 

each shot, enabling thorough characterization. One group of cameras detects COTR imaged from 

the surface of the first foil [hereafter “near-field” (NF) images], which when analyzed using a 

coherent point-spread function determine beam-size at the LPA exit. Other cameras record 

COTR in the focal plane of a collecting lens [hereafter “far-field” (FF) patterns], thereby 

measuring its angular distribution.  Fringes in FF data, which are consistent with Wartski two-

foil COTRI [10], fall outside of the 1/γ emission cone angle of single-foil COTR. Here, γ is the 

relativistic Lorentz factor of the electrons. High fringe visibility indicates microbunched 

electrons diverge significantly less than the e-beam-ensemble.  A COTRI model [4, 11] of FF 

data quantifies this divergence. Combined frequency-filtered beam-size and divergence data 

yield single-shot, transverse emittance estimates of the microbunched electrons.  

   Our experiments used pulses from the DRACO laser (central wavelength 800 nm, energy up to 

4 J on target, pulse length 27 fs FWHM) [32, 33] at Helmholtz-Zentrum Dresden-Rossendorf.  

These were focused to ~20 µm (FWHM) at the center of a 3-mm-long He gas jet (with 3% 

Nitrogen and ~0.5-mm-long entrance and exit ramps) to drive LPAs in a self-truncated 

ionization-injection regime [31] in plasma of density ne ~ 3 x 1018 cm-3 [32]. Electron bunches 

with 225 ± 25 pC charge in a 200 MeV (γ = 400) quasi-monoenergetic peak (σE = 0.042 rms, or 

10% FWHM, ensemble energy spread) and σθ = 3 mrad rms ensemble divergence, plus a weak 

poly-energetic background [see Fig. S.7b in Supplementary Material] emerged from the LPA.  A 

75-µm-thick Al laser foil 700 µm from the jet exit, tilted ~3o off normal (Fig. 1a), blocked the 

drive laser pulse. An aluminized Kapton foil 1 mm downstream blocked j x B electrons of low 

energy and associated COTR from the back of the blocking foil [34] (Fig. 1b). Indeed, direct 

laser excitation of the blocking foil with the gas jet turned off yielded no detectable OTR. 
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FIG. 1: Color online. (a) Schematic setup showing path of LPA drive laser pulse (red), gas jet, OTR foil, 
Si mirror, and OTR imaging-detection configuration. (b) Detail of gas jet exit, showing e-bunch, drive 
laser path, blocking foil and aluminized Kapton OTR foil. (c) NF data at 600 nm, imaged from Kapton 
foil to CCD through linear polarizer, showing two point-spread function lobes. (d) FF data at 633 nm for 
same shot, recorded with compound lens (microscope objective + single-element lens) and no 
polarization analyzer, showing interference fringes.  Angular resolution: 0.35 ± 0.05 mrad/pixel, or ~6 
pixels/fringe at eighth fringe. Color legend applies to (c) and (d). 
 

With the gas jet turned on, LPA electrons generated forward OTR/COTR from the 

aluminized back surface of the Kapton foil.  Several dozen foil pairs were mounted on a 15-cm 

diameter wheel, which rotated a fresh pair into position for each shot. A 200-µm-thick polished, 

non-aluminized Si wafer oriented at 45o degrees to the e-beam at distance L = 18.5 mm 

downstream of the Kapton foil redirected the foil’s OTR/COTR to a 4-cm focal length 

microscope objective with collection angle 0.14 rad, which relayed it to one group of charge-

coupled device (CCD) cameras (12-bit, 3.75-µm square pixels) via beam splitters (Fig. 1a) to 

record NF images (Fig. 1c).  Additionally, the electron bunch generated reflected COTR from 

the Si surface (Fig.1a). COTR from these two surfaces, which the microscope objective and an 

additional 15-cm focal-length lens (see Fig. 1a) relayed to another CCD, formed interference 

fringes in FF images (Fig. 1d).  For results reported here, two CCDs recorded NF images through 

orthogonal linear polarization analyzers parallel (x) and perpendicular (y) to the drive laser 

polarization at λ = 600 ± 5 nm.  These were indistinguishable from 633 nm NF images. 

Generally, for a given shot, NF images differed significantly only when recorded at central 

wavelengths separated by >~ 50 nm.  Another CCD recorded un-polarized FF images at 

observation wavelength λ = 633 ± 5 nm.  Here polarizers proved unnecessary because the ratio of 
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y- to x-polarized intensity along θx (or x- to y-pol along θy) was ≤ 0.025 for all interference peaks 

(see Sec. 2e of Supplementary Material for details). 

When the laser focus in the gas jet was adjusted to positions that yielded poly-energetic 

electron distributions similar to the background in the present LPA output, but with no quasi-

monoenergetic peak, OTR signals weakened ~10×.  Thus, the quasi-monoenergetic peak is the 

dominant source of reported COTR signals in the ionization-injected regime. These signals were 

intense enough to necessitate neutral density filters to prevent camera saturation.  When we 

operated the accelerator in different regimes --- e.g. by removing the nitrogen dopant and relying 

on self-injection, or by introducing a shock front near the gas jet entrance to create a local 

density down-ramp [35] --- we observed strongly correlated variations in COTR signal strength 

normalized to accelerated charge.  Sec. 4 of Supplementary Material summarizes our preliminary 

observations of these correlations.  Since foil and laser parameters were unchanged, these 

variations suggested that the LPA process -- not interaction of electrons with foils or reflected 

laser fields --- created microbunching responsible for observed COTR. Beam scattering by a foil 

can reduce coherent emission from microbunching when the projected multiple scattering angle 

exceeds the OTR opening angle 1/γ [36]. The latter is 2.3 mrad, while the Bethe-Ashkin formula 

[37] yields a lower value (1.1 mrad) of the former for the Al foil, a higher value (2.6 mrad) for 

the 45o Si mirror. To corroborate this conclusion, we measured space/angle-integrated forward 

COTR spectra in a downstream IR-to-UV spectrometer [38]. With the Si wafer temporarily 

removed, we observed strong IR and visible light down to  ~300 nm.  When we re-inserted the 

Si wafer and placed a new thin OTR foil downstream of it, however, only IR light remained 

strong. This showed that microbunching responsible for visible COTR survived transit through ≤ 

75 µm Al, but not ≥200 µm/cos45o Si foils. We will present space/angle-integrated COTR 

spectra over a 5-octave spectral range in a planned forthcoming paper.  Since FF images involve 

interference between COTR from 2 foils separated by ~2 cm, normalized emittance εn and/or 

microbunching properties could change as a bunch with finite σE propagates between them [39].  

Explicit calculations, however, show that εn grows by < 1% for our conditions (see Sec. 2a of 

Supplementary Material for details).  Moreover, we observed near-constant single-foil integrated 

COTR intensity for Al foil positions over a ~3 cm range from the LPA exit, consistent with 

findings of Lin et al. [7], suggesting that microbunching is stable within the COTRI apparatus.   
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      C urr e nts i n d u c e d w h e n a c h ar g e d p arti cl e b e a m e nt ers a n d e xit s a f oil g e n er at e, r es p e cti v el y, 

b a c k w ar d a n d f or w ar d O T R  i n c o n e s of h alf -a n gl e 1/ γ ar o u n d t h e s p e c ul ar r efl e cti o n or b e a m 

dir e cti o n  [4 0 -4 2 ]. T h us, t h e c o nfi g ur ati o n i n Fi g. 1a  g e n er at es O T R a t 9 0 o  t o t h e b e a m dir e cti o n, 

e n a bl i n g mi ni m all y  i n v asi v e O T R c h ar a ct eri z ati o n .  T h e n u m b er W 1  of O T R p h ot o ns  t h at a 

si n gl e el e ctr o n g e n er at es p er u nit fr e q u e n c y  ω  p er u nit s oli d a n gl e Ω  i n a si n gl e f oil is 

𝑑 2 𝑊 1

𝑑 𝜔 𝑑 𝛺
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ħ 𝑐
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w h er e ħ  is Pl a n c k’s c o n st a nt/ 2 π, e  is el e ctr o n c h ar g e, c  is t h e s p e e d of li g ht, a n d θ x  a n d θ y  ar e 

r a di ati o n a n gl es [1 1 ].  T h e s oli d b l a c k c ur v e i n Fi g. 2 a s h o ws t h e a n g ul ar distri b uti o n  of O T R at 

λ  = 6 3 3 ± 5 n m  t h at a 2 0 0 M e V, N -el e ctr o n b u n c h wit h di v er g e n c e  σ x’  = σ y’   º s
q

= 0. 2 mr a d  

g e n er at es i n o n e  f oil.  T h er e is o n e  p e a k at q º  θ x  = θ y  = 1/ γ ~ 2. 3 mr a d, W h e n N B  of t h e N 

p arti cl es ar e mi cr o b u n c h e d, a  c o h er e n c e f u n cti o n 𝑱 (k) b e c o m es i n v ol v e d,  a n d f or t w o f oils a n 

i nt erf er e n c e f u n cti o n I( k) . T h e s p e ctr al a n g ul ar distri b uti o n f u n cti o n t h e n b e c o m es    
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w h er e  |𝑟 ∥ ,⊥ |2  is r efl e ct a n c e of t h e s e c o n d ( Si) f oil f or p ar all el, p er p e n di c ul ar p ol ari z ati o n 

c o m p o n e nts, r es p e cti v el y.   T h e r efl e ct a n c e r e d u c es i nt e nsit y of O T R fr o m t h e first f oil ( vi a 

r efl e cti o n fr o m Si) a n d O T R g e n er at e d at t h e Si w af er  ( vi a E q. 2) e q ui v al e ntl y.   I( k) is [ 1 0] 
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w h er e  𝑘 = |𝒌 | = 2 𝜋 𝜆⁄ , usi n g  a s m all -a n gl e a p pr o xi m ati o n.  P e a ks of I(k ) o c c ur at a n gl es  x
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2  = ( 2 λ/ L )(p  –  p 0 ), w h er e p  = 1/ 2 , 3/ 2, ..., a n d p 0  = L /(2    2 ).   A dj a c e nt p e a ks ar e s e p ar at e d b y 

∆(  x
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2 ) = 2 λ/L .   C h o osi n g L  = 1 8. 5 m m pr o vi d e d g o o d fri n g e c o ntr a st, w hil e e n a bli n g n e ar -

fi el d o pti cs t o f o c us o n t h e first f oil.  T h e d as h e d  r e d c ur v e i n Fi g. 2 a s h o ws t h e t w o -f oil O T R 

a n g ul ar distri b uti o n f or L  = 1 8. 5 m m , wit h  λ , γ a n d s
q
 as f or t h e bl a c k c ur v e. N o w t h er e ar e 

m ulti pl e  fri n g es.  At t hi s γ, tilt of t h e 2 n d  f oil i ntr o d u c es n e gli gi bl e i nt e nsit y as y m m etr y, as is 

e vi d e nt als o  fr o m E q. 1 of r ef. [ 4 1].  T h e c o h er e n c e f u n cti o n c a n b e d efi n e d  as  
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a c c o u nt f or t h e i n cr e as e i n b u n c h r a di us fr o m t h e first t o t h e s ec o n d i nt erf er o m et er f oil  d u e t o 

b e a m di v er g e n c e .  E a c h  H
j
(k )  is a pr o d u ct of F o uri er tr a nsf or ms g j( ki) = e x p(-σ i

2 k i
2 / 2) of 

tr a ns v ers e (i = x, y) c h ar g e f or m f a ct ors  (wit h 𝑑 𝑊 ≈ 𝑑 𝜔 𝑑 ), a n d of l o n git u di n al f or m f a ct or F z( kz) = 

e x p( -σ z
2 k z

2 / 2), wit h k z ~ k a n d  θ  < < 1, ass u mi n g t h e F o uri er tr a nsf or m ρ j(k ) of ρ j(x ) is s e p ar a bl e.  

If J (k ) < < 1  or N
B

® 0 , o nl y t h e i n c o h er e nt O T R t er m ( ~N ) r e m ai ns i n E q. ( 2). 

 

FI G . 2. C ol or o nli n e.  ( a) A n al yti c al c al c ul ati o ns of  a n g ul ar distri b uti o n s of O T R  a t λ  =  6 3 3 ± 5 n m  
g e n er at e d  b y 2 0 0  M e V el e ctr o n b u n c h wit h di v er g e n c e  σ θ  = 0. 2 mr a d: i n o n e f oil ( s oli d bl a c k c ur v e) a n d  

i n a t w o-f oil i nt erf er o m et er wit h L  = 1 8. 5  m m a n d b e a m r a di us s
r

( 1) = s
r

( 2 ) = 2 µ m at b ot h f oils  1 a n d 2  

( d as h e d r e d). ( b) C al c ul at e d  d e p e n d e n c e of C O T RI fri n g e vi si bilit y o n σ θ  a n d  σ r. θ  < 0 : b e a m -di v er g e n c e 

eff e ct f or σ θ  = 0. 5 mr a d ( s oli d bl u e c ur v e ) a n d 1. 0 mr a d ( d as h e d bl a c k ) f or s
r

( 1) = s
r

( 2 ) = 2 µ m.  θ  > 0 : eff e ct 

of e x p a n di n g  s
r

( 2 )  f or fi x e d s
r

( 1) = 2 µ m,  σ θ  = 0. 5 -mr a d , wit h c ur v es l a b el e d s
r

( 1)  + s
r

( 2 )  µ m i n l e g e n d.  
 

 

Fi g ur e 2 b ill ustr at es h o w tr a ns v ers e c h ar g e f or m f a ct ors d et er mi n e C O T R g ai n vs. θ , f or 

a zi m ut h all y s y m m etri c ( σ r = σ x  = σ y ) b e a ms  of mi cr o b u n c h e d  fr a cti o n fB  = N B / N = 0. 0 1 . T h e l eft 

si d e (θ  <  0) s h o ws  eff e cts of v ar yi n g mi cr o b u n c h e d b e a m di v er g e n c e  ( s
q  = 0. 5, 1. 0 mr a d ) al o n e , 

wit h σ r h el d fi x e d at  2 µ m at b ot h f oils;  th e ri g ht  si d e (θ  >  0) s h o ws t h e a d diti o n al u n a v oi d a bl e 

e ff e ct of i n cr e as e d b e a m r a di us at f oil 2  ( s
r

( 2 ) = 2 , 5 , 1 0 µ m ) f or fi x e d s
q
 = 0. 5 mr a d  a n d s

r

( 1) = 2 

µ m .  As a n e x a m pl e, f or s
r

( 2 )= 5 -µ m , s
q
= 0. 5 -mr a d , 8-9  fri n g es ar e e n h a n c e d o ut t o θ  > 2 0 

mr a d . I n c o ntr ast, past C O T RI st u di es of  S A S E -F E Ls i n v ol v e d b e a m r a dii  2 5 µ m < σ x, y < 2 0 0 

µ m,  a n d yi el d e d at m ost 3 -4 fri n g es o ut t o o nl y  θ  ~ 5 mr a d [ 4, 1 1 ].  L P A b e a ms ar e oft e n a n 

or d er of m a g nit u d e s m all er , s o c o h er e nt e n h a n c e m e nts c a n b e pr o p orti o n at el y l ar g er a n d c a n 
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e xt e n d  t o θ   >  3 0 mr a d . G e n er all y, o pti c al d et e cti o n b a n d wi dt h Δ λ , el e ctr o n e n er g y b a n d wi dt h 

∆ γ, s
q
 a n d  σ r, c a n all aff e ct fri n g e visi bilit y  i n a F F a n g ul ar distri b uti o n p att er n. O ur  c h os e n  

b a n d wi dt h filt er ( Δ λ  = 1 0  n m) , h o w e v er, mi ni mi z e s t h e b a n d widt h eff e ct , w hil e f or o ur c h os e n L , 

t h e a n gl es θ x, y  at w hi c h  I(k ) p e a ks ar e, a c c or di n g t o  E q. ( 3) , n e arl y γ – i n d e p e n d e nt f or 3 0 0 < γ <  

5 0 0  (s e e S e c. 2 d  of  S u p pl e m e nt ar y M at eri al f or d et ails) .  T h us w e c a n  r el at e o bs er v e d fri n g e 

n u m b er dir e ctl y t o σ θ a n d σ r of t h e c o ntri b uti n g p orti o n of t h e b e a m a n d o bs er v e d C O T R 

i nt e nsit y dir e ctl y t o fB . C o ns e q u e ntl y , o bs er v ati o n of  ≥ 3  fri n g es i m pli es s u b-mr a d  di v er g e n c e 

a n d f e w -µ m b e a m r a di us .  Si m ult a n e o usl y, b y c ali br ati n g  i nt e gr at e d si g n al o n t h e F F c a m er a, w e 

d et er mi n e 𝑑 (k) , a n d t h us C O T R g ai n ( ~N B
2 / N f or N B  > > 1) a n d fB .  W e fi n d N  = 1. 4 7  × 1 0 9  

el e ctr o ns i n t h e q u asi -m o n o e n er g eti c p e a k (i. e. e N  = 2 3 5 p C) a n d N B  = 1. 8 × 1 0 7  (i. e. e N B  ≈ 3 

p C) , i m pl yi n g fB  ≈ 0. 0 1 3 a n d N B
2 / N ≈ 2 4 0 , 0 0 0.  T h es e  r es ult s t o o k i nt o a c c o u nt  si n gl e-el e ctr o n, 

si n gl e-f oil O T R s o ur c e e n er g y [4 3 ] a n d c h ar g e i n t h e q u asi-m o n o e n er g eti c p e a k d et er mi n e d fr o m  

a  c ali br at e d L A N E X s cr e e n [ 44 ] i n t h e s p e ctr o m et er o n t h e s a me s h ot  (s e e S e c. 1  of  

S u p pl e m e nt ar y M at eri al) . T h us  c o h er e nt e n h a n c e m e nts d o mi n at e o v er i n c o h er e nt O T R . 

 

FI G. 3 : C ol or o nli n e. ( a) A zi m ut h al l y a v er a g e d C O T RI fri n g es vs. θ  fr o m Fi g. 1 d ( s oli d bl a c k c ur v e).  
S e e S u p pl e m e nt ar y M at eri al f or d es cri pti o n of a v er a gi n g pr o c e d ur e.   I ns et:  o ut er m ost fri n g es m a g nifi e d.  
D ott e d r e d c ur v e: a n al yti c al C O T RI m o d el usi n g s

q
 = 0. 3 3  mr a d, a n d σ x  = 2. 7 5 µ m a n d 6. 6 µ m at f oil s 1 

a n d 2, r es p e cti v el y.  ( b) x -pr oj e cti o n of N F i m a g e i n Fi g. 1 c fr o m s a m e s h ot  (s oli d bl a c k c ur v e), wit h 
C O T R m o d el usi n g σ x  = 2. 7 5 -μ m  ( d ott e d r e d c ur v e).  
 

    T h e F F i m a g e i n Fi g. 1 d  h a s 8  t o 9  visi bl e fri n g es.  A zi m ut h al l y as y m m etri c fri n g es i n di c at e a 

n o n -G a ussi a n a n g ul ar distri b uti o n  of t h e C O T R s o ur c e.  H er e, t o si m plif y a n al ysi s, w e a v er a g e d  

t hi s d at a a zi m ut h all y  (S e c. 2 b  of S u p pl e m e nt ar y M at eri al d es cri b es  t h e a v er a gi n g pr o c e d ur e).  

Fi g. 3 a  c o m p ar e s t h e r es ulti n g fri n g e p att er n ( bl a c k c ur v e)  t o a n al yti c al r es ult s. S i n c e o ut er 
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fri n g es ( Fi g. 3 a, i ns et) ar e m or e s e nsiti v e t o s
q
 t h a n i n n er fri n g es, w h er e as a m plit u d es of t h e 

l att er ar e m or e s e nsiti v e t o n e gl e ct e d n o n-G a ussi a n f e at ur es of t h e b e a m a n g ul ar distri b uti o n , w e 

a n al y z e d  s
q
 b y fitti n g C O T RI m o d el c al c ul ati o ns f or v ari o us s

q
 t o t h e 4 t h t hr u 9 t h fri n g es.  

B e a m r a dii s
r

( 1)  a n d s
r

( 2 )  als o e nt er t h es e c al c ul ati o n s  (s e e Fi g. 2 b).  W e d et er mi n e d s
r

( 1)  

i n d e p e n d e ntl y b y a n al y zi n g N F i m a g e Fi g. 1 c f or t h e s a m e s h ot.  Fi g. 3 b  c o m p ar es y -a v er a g e d, x -

p ol ari z e d N F d at a ( bl a c k c ur v e ) t o a C O T R c al c ul ati o n f or s
x

( 1)  = 2. 7 5 µ m  (r e d-d ott e d) .  H er e, 

c al c ul at e d c ur v es t a k e i nt o a c c o u nt t h e o pti c al c oll e cti o n a n gl e vi a E q. 2 6 of R ef. [ 4 5 ].  L eft -ri g ht 

as y m m etr y of N F d at a pr o b a bl y r es ult s fr o m di st orti o ns of ρ (x ) fr o m a G a u ssi a n s h a p e, w hi c h w e 

i ntr o d u c e d i nt o t h e m o d el wit h a n e m piri c al s k e w p ar a m et er.  F ull a n al ys is yi el ds s
x

( 1)  =  

2 .7 5 − 0 .3 0
+ 0 .4 5  µ m . W e g e n er at e d st atisti cs u n d erl yi n g t h e st at e d u n c ert ai nt y b y c o m p ari n g si n gl e -s h ot 

d at a t o a n e ns e m bl e of si n gl e -p ar a m et er m o d el c ur v es  (s e e S e c. 3  of  S u p pl e m e nt ar y M at eri al f or 

d et ails) .  W e t h e n c al c ul at e d s
r

( 2 )  b y a d di n g s
x

( 1) a n d s
q
L  i n q u a dr at ur e.  Fi n all y, w e fit t h e bl a c k 

c ur v e i n Fi g. 3 a t o a n e ns e m bl e of m o d el c ur v es, wit h s
q
 as t h e s ol e fr e e p ar a m et er  a n d 

mi ni mi z e d χ 2 . T h e d ott e d r e d c ur v e i n Fi g. 3 a s h o ws t h e b est -fit C O T RI c ur v e.  F ull a n al ysi s (s e e 

S e c. 2f  of  S u p pl e m e nt ar y M at eri al), yi el ds  s
q
 = 0. 3 3

- 0. 0 5

+ 0. 1 2  mr a d , 9 × s m all er t h a n t h e e ns e m bl e -

di v er g e n c e [3 2 ].  O nl y  s u b -mr a d s
q
 c a n e x pl ai n 8 t o 9 visi bl e  fri n g es.   W h e n c o m bi n e d wit h 

s
x

( 1) , w e esti m at e  n or m ali z e d e mitt a n c e  ε n x = 0 .3 6 − 0 .0 9
+ 0 .1 9  m m mr a d (r ms) f or t h e mi cr o b u n c h e d 

b e a m p orti o n at f oil 1. y -p ol ari z e d N F d at a  yi el d e d si mil ar v al u es .  Si g nifi c a nt  p ositi o n -

m o m e nt u m c orr el ati o n , if pr es e nt, wo ul d r e d u c e t hi s e mitt a n c e v al u e  [4 6 ].  

   T o ill ustr at e  m or e c o m pl e x b e a m str u ct ur e , a n d  wi d er C O T RI di a g n osti c p ossi biliti es, Fi g. 4 a 

s h o ws F F d at a f or a diff er e nt s h ot .  H er e, a d ar k n o d e r u ns v erti c all y t hr o u g h t h e i nt erf er e n c e 

p att er n , a f e at ur e n ot s e e n i n Fi g. 1 d, n or  i n m ost s h ots. T h e c orr es p o n di n g N F i m a g e ( Fi g. 4 b) 

s h o ws t w o p airs o f p oi nt-s pr e a d -f u n cti o n l o b es s e p ar at e d b y ~ 6  µ m al o n g x , i nst e a d of o n e p air 

as i n Fi g. 1 c, s u g g esti n g t h at t w o b e a ml ets e m er g e d si d e -b y -si d e fr o m t h e L P A , as s e e n i n s o m e 

si m ul ati o ns of b u b bl e -r e gi m e L P As [4 7 ].  Fi g. 4 c s h o ws a r e c o nstr u cti o n of t h e m ai n  q u alit ati v e 

f e at ur es of Fi g. 4 a b y m o d eli n g t w o b e a ml ets , e a c h wit h σθ  = 0. 6 mr a d,  wit h p h as e a n d a n g ul ar 

tr aj e ct ori es diff eri n g b y 0. 7 5 π  a n d  2 mr a d,  r es p e cti v el y.  T his e x a m pl e ill u str at es t h at F F C O T RI 

p att er ns  c o nt ai n si g n at ur es of t h e p h as e a n d tr aj e c t or y of m ulti pl e mi cr o b u n c h e d b e a ml ets, w h e n 

pr es e nt .  S u c h b u n c h p airs,  if c o ntr oll a bl e,  c o ul d o p e n n e w L P A a p pli c ati o ns  -- e. g.  p u m p -pr o b e 
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experiments or two-color FELs.  Single-shot diagnosis demonstrated here could help develop 

control methods for generating bunch pairs reliably. 

 
 
FIG. 4:  Color online. (a) COTR angular distribution pattern for shot with vertical dark band due to 
interference of two beamlets. (b) y-polarized NF image on same shot, showing two double-lobed patterns. 
(c) COTRI image reconstructed from two-beamlet model. Color legend applies to all panels.   
 

In summary, we identified microbunched e-beamlets from LPAs, which generate visible COTR 

>105 times stronger than incoherent OTR.  We discovered and modeled COTRI fringes, and 

applied COTRI, along with COTR imaging and calibrated COTR energy measurements, for the 

first time to LPAs.  This coordinated triad of COTR measurements revealed divergences and 

emittances of microbunched beamlets that are less than those of the electron ensemble, which 

motivates SASE-FEL startup experiments. Although single-wavelength COTR measurements 

alone do not distinguish periodic longitudinal density modulation from sharp density spikes, 

time-domain reconstructions from space/angle-integrated COTR spectra [38] and simulations of 

ionization-injected LPAs [24] indicate that micro-bunched beamlets studied here were 

longitudinally modulated.  Future directions include understanding correlations among COTR 

intensity, LPA operating regime, and microbunching mechanisms, and developing strategies for 

diagnosing, tuning and optimizing microbunching over a wide range of wavelengths.  
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Thurman-Keup (FNAL) on COTRI, and support from Fermi Research Alliance, LLC under DoE 

Contract DE-AC02-07CH11359.  U. Texas authors acknowledge support from DoE grant DE-

SC0011617, and M.C.D. from the Alexander von Humboldt Foundation with sponsorship from 

R. Sauerbrey. Helmholtz-Zentrum Dresden-Rossendorf authors acknowledge support from the 

Helmholtz Association under program Matter and Technology, topic Accelerator R&D.  
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