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Experimental demonstration of a tomographic 5D phase-space reconstruction1
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Detailed knowledge of particle-beam properties is of great importance to understand and push
the performance of existing and next-generation particle accelerators. We recently proposed a new
phase-space tomography method to reconstruct the five-dimensional (5D) phase space, i.e., the
charge density distribution in all three spatial directions and the two transverse momenta. Here,
we present the first experimental demonstration of the method at the FLASHForward facility at
DESY. This includes the reconstruction of the 5D phase-space distribution of a GeV-class electron
bunch, the use of this measured phase space to create a particle distribution for simulations, and
the extraction of the transverse 4D slice emittance.

Particle accelerators are highly complex and multivari-9

ate machines that are required to produce beams with10

percent- to permille-level stability at highly specialized11

working points with limited diagnostics. The generation12

of these beams is especially difficult for applications that13

require excellent phase-space quality such as advanced14

ultra-high-gradient accelerators [1–10] or free-electron15

lasers [11–18], and their complex operation modes (e.g.16

two-color lasing [19, 20]).17

To characterize these electron beams, methods fo-18

cussing on the reconstruction of statistical beam pa-19

rameters or 2-dimensional (2D) projections of the full20

phase space [21–26] are routinely used. For higher-21

dimensional structures, especially when correlations be-22

tween the transverse and longitudinal phase spaces are23

present, the above mentioned techniques are insufficient.24

Tomographic methods have been successfully applied to25

these cases, e.g., for measuring the time-resolved trans-26

verse phase-space distribution [27], the full 4D transverse27

phase space [28–31], as well as the full 3D spatial distri-28

bution [32–35].29

The development of the polarizable X-band transverse-30

deflection structure (PolariX TDS) [35–37] by a collab-31

oration of scientists from CERN, PSI, and DESY en-32

ables the extension of these existing diagnostics abili-33

ties [32, 35, 38] to include streaking of the bunch in34

any transverse direction. Based on this capability, we35

recently proposed a new method that extends the ex-36

isting tomographic methods by an extra dimension and37

reconstructs the full 5D phase-space density of bunches38

[39], i.e., the transverse positions (x, y) and divergences39
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(x′, y′) as well as the time coordinate t. This technique40

combines a quadrupole-based 4D transverse tomography41

[28] in normalized phase space with the streaking of the42

bunch along various directions by the PolariX TDS. Sim-43

ulation studies of the 5D tomography method have shown44

the successful reconstruction of the 5D phase space of45

complex beam distributions [39].46

Other methods have been studied to obtain higher47

dimensional information. For sub-relativistic beams, a48

combination of horizontal and vertical slit masks can be49

used and has been benchmarked with a 2.5MeV H−
50

beam for 5D [40], and 6D [41] reconstructions. Fur-51

thermore, machine learning based approaches are gain-52

ing popularity, which focus on predicting phase-space53

projections [42–45] up to the full 6D particle distribu-54

tion [46]. While these methods show promising results,55

the obtained distribution is only a prediction ensured to56

match very limited beam measurements.57

In this letter, we focus on the use of tomographic58

methods that are based on direct measurements of all59

relevant phase-space projections. We present the first60

5D tomographic reconstruction of an electron bunch as61

well as self-consistent checks to validate the results. We62

show that the method resolves previously hidden corre-63

lations between all the transverse planes and time coor-64

dinate and in addition allows the 4D slice emittance to65

be extracted. Furthermore, by propagating the recon-66

structed 5D distribution along the beamline, new possi-67

bilities open up for performing highly accurate simula-68

tion studies to understand and optimize the accelerator69

performance or to benchmark the results of simulation70

codes.71

The measurement campaign was performed at the72

FLASHForward facility [47] which is dedicated to beam-73

driven plasma-acceleration experiments. It uses the high-74

quality and stable electron bunches provided by the75

FLASH linear accelerator [11, 48, 49]. A sketch of76

the relevant beamline section is shown in Fig. 1. To77

record the beam images, a screen station downstream78

of the PolariX TDS was used with Scheimpflug optics,79
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macro particles, in the presented case five million. The185

distribution is generated slice-wise by randomly creating186

particles in accordance with the probability distribution187

of the reconstructed phase space. Only probability values188

larger than 5% of the maximum value of each slice are189

appropriately populated. This threshold has been found190

to be a good balance between removing noise introduced191

by the tomographic reconstruction, typically occurring192

far off-axis and arising due to the finite amount of pro-193

jection angles [35], and preserving the features of the re-194

constructed distribution. The obtained distribution is195

used to calculate the beam covariance matrix Σ4D for196

all slices containing at least 10 000 particles and extract197

the slice beam parameters shown in Fig. 4 like the trans-198

verse Courant-Snyder parameters, normalized emittances199

ǫn
x
, ǫn

y
and the current profile. Variations of these param-200

eters along the bunch are visible as well as a mismatch to201

the design values of β = 10m and α = 0. In addition, the202

sliced 4D emittance ǫ4D =
√
detΣ4D is extracted. It is a203

measure of the minimum transverse emittances that can204

be reached in the case that all correlations between the205

planes are eliminated [56]. As the lasing performance of206

FELs and the luminosity of colliders depend on the trans-207

verse emittances [57, 58], having the ability to now mea-208

sure and in the future correct for correlations is highly209

beneficial. The measured sliced 4D emittance is shown210

Fig. 4 (d) and compared to a multiplication of the two211

transverse emittances ǫ4Dapprox. = ǫxǫy, which are accessi-212

ble with conventional PolariX TDS measurements. The213

average relative discrepancy is 5% with a minimum of214

1% at around −170 fs. The measurement therefore indi-215

cates that only minor correlations between the transverse216

planes are present which are minimal at the core part of217

the bunch.218

The tomographic reconstruction is validated using219

two approaches. First, the beam parameters obtained220

from the tomographic reconstruction are compared to221

lower dimensional complementary measurements listed222

in Table I. To obtain the normalized transverse RMS223

emittances and Courant-Snyder parameters, a multi-224

quadrupole scan analysis is performed using the un-225

streaked beam images. The uncertainties are obtained226

from statistical fluctuation from ten different datasets227

recorded throughout the 5D tomography measurement.228

The uncertainty on the tomographic reconstruction is229

estimated by performing 100 reconstructions using the230

Python library Optimas [59] where the shear parame-231

ter of each streaking angle is randomly sampled from a232

Gaussian distribution and a one sigma measurement un-233

certainty is applied. In addition, errors on the reconstruc-234

tion due to an energy uncertainty (a 1% energy error re-235

sults in a 5% emittance error), an energy spread within236

the distribution (a projected RMS energy spread of 1%237

consisting of a linear energy chirp and an uncorrelated238

RMS energy spread of 0.1% result in a 2% emittance239

error), and due to the finite number of projection an-240

gles (ten angles per plane result in an overestimation of241

the emittance by up to 13%) are expected. While these242

measurement errors are expected to apply equally to both243

transverse planes, we suspect that the larger discrepancy244

in the vertical emittance can be explained by an incom-245

plete dataset of the last vertical phase advance scan (and246

hence a reduced number of recorded projections com-247

pared to the horizontal plane) resulting in an increased248

measurement uncertainty in this plane. The discrepan-249

cies in the alpha functions cannot be explained by the250

expected measurement uncertainties of the two methods.251

The beta functions and horizontal emittance agree well252

between the two methods within the estimated uncertain-253

ties. The bunch duration is determined using the screen254

images of the streaked beam at both zero crossings. Fol-255

lowing [60, 61], linear correlations within the bunch are256

taken into account resulting in an RMS bunch duration257

of 194 fs ± 16 fs which is in excellent agreement with the258

result of 199+8
−7 fs obtained from the tomography.259

Second, the obtained particle distribution from the re-260

constructed 5D phase space is tracked from the recon-261

struction point to the measurement point for all beam-262

line settings that were used in the measurement. The263

obtained simulated screen images of the distribution are264

then compared to the measured ones. This comparison is265

done in the (υ, t) coordinates, where υ is the transverse266

plane perpendicular to the streaking direction and t is the267

time axis obtained by scaling the streaking plane with the268

shear parameter. As a measure of deviation between the269

reconstructed and measured projections, the deviations270

between the centroid position of each time slice normal-271

ized to the RMS spread of the measured distribution are272

determined, and the average weighted by the slice charge273

is calculated. Only slices that contain more than 0.5%274

of the total charge are taken into account. The average275

relative discrepancy for all recorded projections is 32% ±276

15%. A visual comparison of the measured and tracked277

screen images shows that for most projections a qual-278

itatively accurate reconstruction of the beam shape is279

obtained, as can be seen in a subset of the data shown in280

Fig. 5. The main discrepancy between the measured and281

tracked projections is expected to stem from a blurring282

and loss of small beam features, which are especially sen-283

sitive to uncertainties in the shear parameter, as well as284

small changes in the distribution over the measurement285

time.286

Overall, the two validations indicate a reasonable287

agreement of the reconstructed 5D distribution with288

lower-dimensional complementary measurements and289

thereby support the experimental usability of the 5D to-290

mography method.291

In this work we presented the first tomographic re-292

construction of the 5D phase space of an electron beam293

and the validation of the result against lower dimensional294

projections. The 2D projections of the reconstructed295

phase space show correlations between the transverse and296

longitudinal planes that were not detectable with previ-297

ous diagnostic methods. Furthermore, the tomographic298

reconstruction facilitated the first sliced 4D emittance299

measurement at a free-electron laser. While the recon-300
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Ossa, M. Thévenet, S. Hudson, J. Larson, A. Huebl, J.-L.557

Vay, and R. Lehe, Bayesian optimization of laser-plasma558

accelerators assisted by reduced physical models, Phys.559

Rev. Accel. Beams 26, 084601 (2023).560

[60] P. Emma et al., Bunch Length Measurements Using a561

Transverse RF Deflecting Structure in the SLAC Linac,562

in Proc. EPAC’02 (JACoW Publishing, Geneva, Switzer-563

land, 2002) pp. 1882–1884.564

[61] C. Behrens et al., Few-femtosecond time-resolved mea-565

surements of x-ray free-electron lasers, Nature Commu-566

nications 5, 3762 (2014).567

[62] C. Huang, W. Lu, M. Zhou, C. E. Clayton, C. Joshi,568

W. B. Mori, P. Muggli, S. Deng, E. Oz, T. Katsouleas,569

M. J. Hogan, I. Blumenfeld, F. J. Decker, R. Ischebeck,570

R. H. Iverson, N. A. Kirby, and D. Walz, Hosing insta-571

bility in the blow-out regime for plasma-wakefield accel-572

eration, Phys. Rev. Lett. 99, 255001 (2007).573

[63] T. J. Mehrling, R. A. Fonseca, A. Martinez de la574

Ossa, and J. Vieira, Mitigation of the hose instability575

in plasma-wakefield accelerators, Phys. Rev. Lett. 118,576

174801 (2017).577

[64] F. Burkart et al., The ARES Linac at DESY, in Proc.578

LINAC’22 , International Linear Accelerator Conference579

No. 31 (JACoW Publishing, Geneva, Switzerland, 2022)580

pp. 691–694.581

[65] A. Hoover and J. C. Wong, High-dimensional maximum-582

entropy phase space tomography using normalizing flows,583

Phys. Rev. Res. 6, 033163 (2024).584


