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Abstract 

We demonstrate a simple and robust high-resolution ghost spectroscopy approach for x-ray and extreme ultraviolet absorption 

spectroscopy at free-electron laser sources. Our approach requires  an on-line spectrometer before the sample and a downstream 

bucket detector. We use this method to measure the absorption spectrum of silicon, silicon carbide and silicon nitride 

membranes in the vicinity of the silicon L2,3-edge. We show that ghost spectroscopy allows the high-resolution reconstruction 

of the sample spectral response using a coarse energy scan with self-amplified spontaneous emission radiation. For the 

conditions of our experiment the energy resolution of the ghost-spectroscopy reconstruction is higher than the energy resolution 

reached by scanning the energy range by narrow spectral bandwidth radiation produced by the seeded free-electron laser. When 

we set the photon energy resolution of the ghost spectroscopy to be equal to the resolution of the measurement with the seeded 

radiation, the measurement time with the ghost spectroscopy method is shorter than scanning the photon energy with seeded 

radiation. The exact conditions for which ghost spectroscopy can provide higher resolution at shorter times than measurement 

with narrow band scans depend on the details of the measurements and on the properties of the samples and should be addressed 

in future studies.   

 

1. Introduction 

X-ray and extreme ultraviolet (XUV) free-electron lasers 

(FELs) are very powerful and bright sources that enable 

measurements of ultrafast phenomena in a broad range of 

processes [1,2]. Short wavelength spectroscopy is widely used 

for the determination of the electronic structure of materials 

and provides element specific information on the charge and 

spin structures as well as bonding configurations, which are 

important for understanding the functionality of materials [3]. 

When performed at FELs, x-ray spectroscopy can provide 

information on the dynamics of the processes by using pump-

probe schemes, where the short FEL pulse probes a process 

that is triggered by a pump stimulus, which can be provided 

either by an optical laser or by the FEL itself. By varying the 

delay between the pump and the probe pulses, full information 

on the dynamics of the electronic response of the sample can 

be recorded [4].  

There are basically two common strategies for the 

measurement of high-resolution absorption spectra. The first 

is to use narrowband (quasi-monochromatic) radiation and to 

measure the total transmitted intensity after the sample (or the 

emitted fluorescence, which is proportional to the absorption). 

With this approach the spectrum of the sample response is 

reconstructed by scanning the photon energy of the input 

radiation and registering the intensities measured by the 

detector for each input photon energy. The monochromaticity 

of the pulse is obtained either by using a monochromator [5] 

or by using one of the seeding schemes depending on the 

wavelength of the radiation [6 8]. A second strategy is 

implemented when the radiation has a broadband emission 

/   1% or more). In this case, the spectrum of 

the transmitted radiation is compared with the spectrum of the 

input beam before the sample [9,10] and it is absolutely 

necessary  to know the spectrum before and after the sample 



  

   
 

with high precision and fidelity. The energy resolution of the 

first approach depends on the spectral bandwidth of the input 

radiation whereas, in the second case, it is determined by the 

resolving power of the spectrometers that are used for the 

spectral measurements.  

The advantages of the broad bandwidth pulse strategy are 

the possibility to measure broad ranges of spectra without 

scanning the central emission wavelength and the availability 

of higher flux. Therefore, this approach can be significantly 

faster than the narrow bandwidth approach and useful for the 

measurement of low efficiency processes. However since 

broad bandwidth FEL pulses are generated usually by using 

the process of self-amplified spontaneous emission (SASE) 

[11,12], the pulse energy and the spectra vary randomly from 

one shot to another. Thus, it is necessary to measure the 

spectra before and after the sample on a shot-to-shot basis. 

While single shot spectrometers have been developed [13

17], the simultaneous application of two such spectrometers 

for the measurement is very challenging and time consuming 

and the spectrometers are expensive. Furthermore, signal-to-

noise (SNR) requirements impose a limitation on the 

minimum number of photons that must be detected for the 

reconstruction of the spectra, which leads to stringent 

requirements for the input flux and limits the dynamical range 

of absorption magnitudes that can be measured. Thus, the 

range of samples that can be measured with standard methods 

is limited. Finally, while with a narrowband pulse the 

absorption can be inferred from the measurement of the 

fluorescence yield, which is proportional to the absorbance, in 

the broadband scheme it is not possible since the comparison 

between the two spectrometers is required. Thus, the scheme 

can only be applied to transmissive samples, which strongly 

limits the choice of materials that can be studied. 

An alternative strategy to perform absorption spectroscopy 

with FEL radiation that overcomes the challenges of the 

above-described approaches is ghost spectroscopy (GS), 

which is a form of correlation spectroscopy. This technique 

has been demonstrated recently with soft x-rays at the Linac 

Coherent Light Source (LCLS) [18,19]. The concept of GS is 

closely related to ghost imaging (GI) [20], which has been 

successfully applied with laboratory [21,22], synchrotron [23

27], and FEL [28] X-ray sources.  

The key parameter for GS is the variation of the spectral 

features from one shot to another. GS indeed exploits the 

stochastic nature of the SASE pulse spectra, i.e. the random 

shot-to-shot variation of the multi-spike spectra. Within this 

method, the spectrum of radiation impinging on the sample is 

measured and correlated on a shot-by-shot basis with the 

measured intensity of a single-pixel detector (usually a 

photodiode) that has no spectral resolution and is mounted 

after the sample. The measured intensity at this detector is 

proportional to the integral of the product of the spectrum of 

the input pulse and the spectral dependence of the 

transmission of the sample (the transmission function of the 

sample). Therefore, for each pulse, if the correlation between 

the input spectrum and the transmission function of the sample 

is high, the detector measures high intensity. Conversely, if 

the correlation is low, it measures low intensity. By repeating 

this procedure for many input pulses with different spectral 

distributions, it is possible to reconstruct the absorption 

spectrum of the sample [29,30]. The term ghost here refers to 

the fact that neither of the detectors can provide the spectrum, 

directly in analogy to GI, where the bucket detector does not 

provide spatial information [20 28].  

Here, we present a simple and robust approach for GS in 

the XUV photon-energy range that requires only one 

spectrometer in front of the sample and a single-pixel detector 

without any spectral resolution placed behind it. By directly 

comparing the measurement times and the spectral resolution 

of the GS case with that obtained by setting the FEL emission 

in SASE and seeded configurations, we demonstrate that GS 

is an efficient strategy to perform absorption spectroscopy at 

FELs.  

2. Methods 

2.1 Experimental setup and radiation properties 

We conducted the experiment at the DiProl end station 

[31,32] using the double cascade FEL source FEL-2 of the 

FERMI user facility located in Trieste, Italy [33]. This source 

can produce either SASE FEL radiation [34] or seeded FEL 

pulses [7,33] depending on the setting parameters. To 

demonstrate our approach for GS, we tuned the SASE pulse 

central energy in the photon energy range between 99 eV and 

106 eV for the measurements of the Si L2,3 edges. The 

radiation produced by the source was focused by a set of 

bendable Kirkpatrick Baez mirrors [35] to a spot size of about 

500×600 m2 at the sample position, the polarization was 

circular and the pulse duration was estimated to be about 250 

fs. The repetition rate was 50 Hz. The setup of our experiment 

is presented in figure 1. The on-line spectrometer was the 

Pulse-Resolved Energy Spectrometer Transparent and Online 

(PRESTO) [17], which is mounted at FERMI after the 

undulators and before the end stations. In the PRESTO 

spectrometer, a grating delivers most of the radiation in zeroth 

order (97%) to the end-stations, while the weaker first order 

of the grating is used to measure the spectrum of each pulse. 

The spectrometer resolution in the working energy range is 

 [17], corresponding to an energy resolution 

of about 5 meV at 100 eV. Examples of the spectral 

distribution of the FEL pulses in the SASE configuration and 

the average over 8,000 shots are presented in figure 2(a). In 

our experiment, we mounted the sample in the direct beam and 

measured three different membranes of silicon (Si), silicon 

nitride (Si3N4), and silicon carbide (SiC), 200 nm thick 

provided by Norcada®. The average energy per pulse at the 





  

   
 

and the pulse duration is estimated to be about 30 fs [38]. In 

this experiment the normalized FWHM bandwidth is 

, equivalent to an energy resolution of about 100 

meV at 100 eV. Therefore, we scanned the photon energy of 

the seeded radiation with step sizes of 75 meV and measured 

the transmission of the silicon membrane near the L2,3 edges 

in a range comparable to the GS measurement. The 

transmission of the membrane at each photon energy was 

calculated as the ratio between the average pulse energy 

detected by the photodiode and the average total pulse energy 

detected by the spectrometer. In addition, we performed the 

same procedure for the SASE scanning: in this case, almost all 

the electron bunch participates in the FEL process, resulting 

in a FEL pulse duration of about 250fs (FWHM). 

To validate our method, we compared the spectra we 

measured at FERMI with the spectral measurements of the 

same samples at the BEAR beamline at the Elettra synchrotron 

[39]. Here the transmission at each energy point is simply the 

average intensity measured after the sample divided by the 

average intensity before the sample. 

2.3 GS reconstruction procedure 

To reconstruct the ghost spectrum for each SASE central 

energy, we exploited the following reconstruction procedure. 

We represent the intensities of the N pulses measured by the 

photodiode by a vector T (test data). The spectra of the pulses 

are represented by the matrix A for which every row is the 

spectral distribution of a single pulse (reference data). We 

represent the transmission function of the sample as a vector 

x, and thus the vector T is equal to the product of the matrix 

A and the vector x                      

(2)  

In GS experiments, we measure the vector T and the matrix 

A. We are interested in solving Eq. (2) for the vector x using 

the compressive sensing (CS) algorithm of "total variation 

minimization by augmented Lagrangian and alternating 

direction algorithms" (TVAL3) [40].  However, this algorithm 

works well only when the width of the average spectrum is 

much broader than the spectral range under investigation. 

Unfortunately, the SASE bandwidth in our case was narrower 

than the total measured spectral range. To overcome this 

challenge, we used the following procedure: first we 

normalized the matrix of the raw data by the average SASE 

distributions (for example, for the central photon energy at 

100.5 eV we used the green line in figure 2(a))  

(3) . 
Next, we normalized the reference and the test data by the 

pulse energy of each pulse 

(4) . 

By using this procedure, we can replace Eq. (2) with a new 

equation  

(5)  

where the matrix representing the different energy 

distributions in each pulse is now the effective matrix C where 

the envelope is normalized and the shot-to-shot intensity 

variations are filtered out. 

Next, we used the TVAL3 algorithm to solve Eq. (5). The 

basic idea of TVAL3 is to recognize that the gradients of the 

measured spectra can be represented by a sparse vector. The 

vector x' is reconstructed by minimizing the augmented 

Lagrangian   

(6) , 

with respect to the l2 norm. In Eq. (6),  is the jth component 

of the discrete gradient of the vector , and µ is the penalty 

parameter of the model (here we set µ=26). We note that for 

the reconstruction of the transmission function of the sample 

(the vector x) the vector  that we obtained by using the 

described algorithm is renormalized to obtain 

(7)  . 

The mathematical justification for this procedure is described 

in the supplemental information.  

After we reconstructed separately the absorption spectrum 

for each SASE central energy of the SASE scan, we merged 

all the absorption spectra to create the spectrum of the sample. 

At this point, the number of data points is much larger than the 

number of points corresponding to the GS resolution since, as 

we will discuss below, the resolution of GS is determined by 

the width of the individual spectral spikes [41], which are 

broader than the resolution of the spectrometer. Therefore, the 

final step was to bin the points to obtain a bin size equal to the 

spike width.  

3. Results and discussion 

3.1 Ghost spectroscopy results 

The GS results for the three samples are presented in figure 3. 

The blue dots are the GS reconstructions, and the magenta dots 

are the results of the synchrotron monochromatic scan that we 

used to validate our method. It is clear from figure 3 that the 

agreement between the GS reconstruction using the FEL and 

the synchrotron measurements is very good. We conclude that 

the energetic chemical shift of the Si L2,3 resonances in the 

three different samples due to the different Si bonding is well 

monitored by GS reconstruction. Furthermore, the 

contribution of the spin orbit splitting to the L2,3 edge  is clearly 









  

   
 

5. Conclusion 

In this paper we have demonstrated the implementation of GS 

for an XUV FEL with an on-line spectrometer in front of the 

sample and a photodiode after the sample. We have validated 

the quality of the absorption spectrum measurements by 

comparing to more conventional methods and found that the 

spectral resolution is comparable to the resolution of scans 

with seeded radiation. Our results indicate that the 

measurement time with GS can be significantly shorter than 

the measurement time with seeded radiation. From our 

analysis we conclude that the reduction in the measurement 

time is comparable to the ratio of the average spectral width 

of the SASE regime to the spectral width of the seeded one at 

a comparable spectral resolution. We emphasize that we do 

not expect that GS will be always faster than scans with quasi 

monochromatic radiation and stress that the exact conditions 

depend on the various details such as the specific properties of 

the FEL and the sparsity of the absorption spectrum. The 

spectral resolution of the GS method is determined by the 

lower resolution of either the width of spectral autocorrelation 

of the SASE radiation or the resolution of the spectrometer. 

Our work therefore calls for the improvement of the resolution 

of single-shot spectrometers and for the reduction of the 

spectral width of the SASE spikes. The extension of our work 

to transient spectroscopy measurements implemented by 

pump-probe approaches is straightforward and the reduction 

in the measurement time for those experiments will be more 

significant since the typical duration of pump-probe 

experiments is very long. However, we should emphasize that 

for pump-probe experiments also the temporal resolution 

should be considered and not just the spectral resolution. This 

is important since the temporal resolution is limited by the 

pulse duration that cannot be shorter than the Fourier 

transform limit of the single spike spectral width. Results of 

the pump-probe experiment investigated by GS and more in-

depth discussion of the temporal effects will be given in a 

forthcoming paper. 
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RECONSTRUCTION PROCEDURE FOR GHOST 
SPECTROSCOPY WHEN USING SASE FLACTUATIONS 

In the following paragraphs we provide further details on the derivation of the equations we used for the 
reconstruction of the absorption spectrum from the measured data in the experiment of ghost spectroscopy (GS).  

To reconstruct the absorption spectrum of the object is we need to solve Eq. (2) of the main text:  

(S1)  

where  is a vector that includes the intensities of N pulses measured by the photodiode,  is a P-length vector 
representing the transmission function of the sample, and  is a NxM matrix where every row represents the 
spectral distribution of a single pulse. However, the raw data from the measurements include not just the spectral 
response of the sample but also the constant envelope of the SASE fluctuations (the green line shown in figure 
2(a) of the main text) and the shot-to-shot intensity instability, which is a general property of FELs. It is therefore 
necessary to eliminate the information that is not directly related to the sample. The idea of the procedure below 
is to exploit an auxiliary matrix  that contain the spectral information without the SASE envelope and to normalize 
the shot-to-shot intensity variation.  

We recall that we can represent each element of the matrix  as:  

(S2)  
where the spectral envelope is the M-length vector  and the shot-to-shot intensity variation is represented by   
for each ith shot.  is a random value from a normal distribution i.e. .  By inserting Eq. (S2) into Eq. 
(S1) we get: 

(S3) , 
where  is defined as . To use the matrix for the reconstruction of the absorption spectrum we define 
new matrix and vectors as:  

(S4)  
and Eq. (S3) can be transformed to: 

(S5)      which is equivalent to     . 
The matrix contains the data of the spectral distribution of the input pulses normalized by the average spectral 
envelope of the raw measurements.  

Assuming  and  , the envelope  can be calculated by averaging over all the raw pulses: 

(S6)  



  

   
 

Thus, the matrix B is related to the matrix A by: 

(S7) , 
which is Eq. (3) of the main text.  

To address the second challenge of the shot-to-shot intensity variation we normalized each measurement  by 
the value  (and for convenience we multiply also by a constant factor ): 

(S8)  

Using Eq. (S5) we can write 

(S9) . 
and  

(S10) . 
This leads to 

(S11) . 
which is Eq. (5) of the main text. The matrix contains spectral data that we used for the reconstruction of the 
transmission function of the object. They are separated from the envelope of the measured spectra and 
normalized to have equal pulse energy. The factor  is calculated by: 

(S12) . 
The vector T  and the matrix C are related to the vector T and the matrix B by the relations 

(S13)  , 
which lead to Eq. (4) of the main text. By using the definition of x' from Eq. (S4) we can find the actual transmission 
by using the relation 

(S14)  
which leads to Eq. (7) of the main text.  

 


