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Once upon a time.. 
Roman Republic  1st  Cent. BC

Greece is attached to the Roman Republic

The republic is transformed into Empire and ...
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In a small town, Herculaneum  …

.. is founded an Epicurean school under the guidance of  
Philodemus  of Gadara and the patronage of Lucius Calpurnius Piso
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79 AD…
an eruption destroy Herculaneum,Pompeii, Stabiae...   

© INGV  

Simulation of collapsing volcanic columns and pyroclastic flow  - Sub-Plinian eruption

Neri, et al.   
Journal of Geophysical Research 
2003
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Herculaneum vs Pompeii  
Herculaneum, only  7 km west 
of the crater of Vesuvius, 
was buried under 20 m. of 
pyroclastic deposits during 
the eruption

Only one pyroclastic flow was 
deposited in Pompeii. The 
pyroclastic flow deposits at 
Pompeii is  regarded as lateral 
equivalents of the lower deposits 
at Herculaneum.  

Herculaneum Pompeii

sealed by pyroclastic deposits
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Location of the villa compared to the excavations

Villa
Herculaneum excavation

around 1820

Satellite
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What does Herculanean papyri look like?
The pyroclastic flow at around 320 °C carbonized papyri 

preserving the writing inside

PHerc. 1497  
col. 121-122 
(IR image) 
24 cm height,  

columns width 5,5 cm approx.
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A Treasure for Humanity
This is the only Ancient Library to survive together with 
its books. 

 This rich book collection, consisting principally of 
Epicurean philosophical texts, is a unique cultural 
treasure: the texts preserved in these papyri had been 
unknown to scholars since they had not been copied 
and recopied in late Antiquity, the Middle Ages and 
Renaissance. 
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 Opening methods

44 Anna Angeli

Tav. II. Esemplificazione del metodo della scorzalUra totale.

1750 del Museo ercolanese di Portici". Essa consisteva nell'inumidire
mediante pennelli il volume con soluzioni idroalcoliche, solventi o gluti-
nose, nel tagliarlo longitudinalmente in due semicilindri pressappoco del-
lo stesso spessore e nello staccare col coltello i fogli più interni fino a
raggiungere una superficie discreta di scrittura '8 . Poiché la larghezza del-
le sezioni del rotolo papiraceo19 decresce man mano che ci si avvicina
all'umhilicus2o, le parti di testo delle sezioni più interne, essendo minime,
erano considerate «insignificanti» e, pertanto, venivano asportate senza

17 cr. la testimonianza dci Piaggio in BASSI. p. 661: « o •• correndo immediatamente a
palazzo. e fattosi introdurre. benché in ora affatto intempestiva, alle loro M. M" cd aper-
tone uno (cioè tagliatolo col coltello) in loro presenza. le (sic) l'ccc concepire il valore dci
tesoro nascosto da sé di scoperto)).

Cf. tav. II. Sulla scorzatura cf. DE JonlO. pp. 41·47, SCOTr. p. 1 e n. 2, E. MARTIN!,
'Calalogo generale dci Papiri Ercolanesi', in COMI'AHETn·DE PETHA, p. 93 n. I, W. O{Ù-
NERT, 'Obcr die Erhaltung llnd dic Bchandlung dcr herkulanellsischen Rollen'. Nelle
Jahrb. fiir da.\' klass. AllertI/m 3 (1900), p. 587 = Studi, p. 2R, BASSI. pp. 637-690, ID ..
'L'Officina dei papiri ercolanesi', Riv. di Filo/. Istr. C!a,U. 35 (1907). pp. 302 s.. C.
JENSEN, 'Die Bibliothck von Herculancum', BOllile!" .tallrb. 135 (1930) = C. JENSEN-W.
SCIIMID-M. GIGANTE. Saggi di jJ(/pirolagill ercolanese. Napoli 1979. p. 14. SOORDONE.
Poetica. p. I, lo., 'Tcntativi', p. 24. lo.. pp. XVII SS., CAPASSO. pp. 88-92.

l'.l La «sezionc)) è la parte di papiro compresa tra duc piegature verticali contigue
prodotte dalla pressione esercitata sul rotolo dal materiale piroclastico o da allri agenti
csterni, cf. NARDELI..l. 'Ripristino', p. 104.

2U SU questo cf. M. CAPASSO, ''OP$ClÀoçlumbilicus: dalla Grecia a Roma. Contributo
alla storia dci libro antico'. Rlldiae 2 (1990). pp. 7-29. lo.. 'Ancora su ÒP$oÀoçlumbili-
cus'. ibid. 3 (1991), pp. 37-41.

First attempt 

Total Scorzatura  

Lo svolgimento dei flapiri carbonizza/i 47

--------------_.--,--_._-----
A sup.

A B A In', B Inl.----------------'
Tav. III. Esemplificazione del metodo della scorzatura parziale.

tino e custode delle miniature della Vaticana. Durante le prime tre visite
del Piaggio al Museo ercolanese, il Paderni fece di tutto per scoraggiarlo
dallo sperimentare altra tecnica che non fosse la scorzatura: gli mostrò i
papiri peggiori, evidentemente da lui stesso già scartati perché troppo
compatti e raggrinziti. Su questi il Piaggio operò «scorzando» ora «a mo-
do dell'impaziente custode» ora «a forza di pazienza» pensando di fenna-
re con piccoli fili di seta i frammenti recuperati, di contrassegnarli ester-
namente per poi ricongiungerli assicurandoli ad un supporto32 Ma i risul-
tati furono così miseri che il Piaggio preferì desistere dall'operazione piut-
tosto che distruggere il papiro solo per rivelarne la qualità della scrittura3J
L'approccio ai rotoli meglio conservati avvenne probabilmente in séguito
alla dichiarata intenzione del Piaggio di ricusare l'incarico offertogli dal
sovrano34 . Lo scolopio ideò così nel 1753 la famosa macchina che, attiva-
ta nello stesso anno, rimase in funzione fino agli inizi del 1900, consen-
tendo lo «svolgimento» del nucleo più prezioso della collezione dei papiri
ercolanesi. La stmttura originaria35 della macchina prevedeva un piano di

;\2 Evidentemente il Piaggio intendeva, una volta staccati i fogli, trattarli col sistema
già collaudato per i volumi papiracei della Biblioteca Vaticana, seguendo il suggerimento
dell'Assemani nella lettera al ministro Fogliani pubblicata in TRAVAGLIONE, art. CiL (n.
3Il,p.56.

;\;\ Cf. BASSI. pp. 682 s.
" lbìd., p. 675.
Cf. tav. IV (da G. CASTRUCCI, Tesoro !euerario di Ercolano, Napoli 1852, tav. IV)

e la descri7.ionc data da WINCKELMANN, pp. 126 S., la quale presuppone un modello simile
a quello che compare in due incisioni in rame conservate al Museo Archeologico Nazio-

Partial  Scorzatura  

Immediately after discovery until 1848

A variant,  
considering negligible the middle part

Scratching the papyrus layer by layer

Destructive method
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Piaggio’s Machine
From 1753 until the 1900

Partly destructive method
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Technological opening : the Oslo Method
A biochemical method continues  the method of Piaggio, since in both 
there is the use of a type of glue that for its organic components does not 
damage the papyrus; but if in the first case the detachment occurred for 
mechanical traction, in accordance with the same glue, once dried, causes 
detachment of the sheet from the underlying layers of papyrus

Fosse-Kleve-Stormer 1983-1993

broken in 380 
fragments

broken in 283 
fragments

Papyri before the opening  with Oslo method opening 
in 1986-87 

Problematic Results 

After



V. Mocella     The Need for Compact Coherent Light Sources .. 
 …

Present situation

All further attempts to unroll the papyri or to separate their layers mechanically had 
been abandoned until now to preserve their physical integrity and the possibility of 
reading them as continuous texts one day, because an excessive percentage of 
these ancient texts was irretrievably lost by the application of different methods

Hundreds papyri ….

sometimes still kept in the position they were 
placed on the shelves of the library
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Something about writing in Antiquity…

Writing on paper is essential to civilization, as Pliny the Elder remarks in his Natural 
History1, when he describes the different types of papyri, the method of 
manufacturing them and all what concerns writing materials in the mid-1st century AD
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Material and Methods
2 fragments were used for the analysis 

 X- Fluorescence (ID21) 

	 Spectroscopic technique that allows elemental analysis 

 Xray Diffraction (ID11) 

	 Analysis of the structural atomic arrangement (cristalline 		
structure) 

X-Ray Absorption Near Edge Structure (Xanes - Dubble)  

	 Allows studying the chemical bounds, which compound of Pb  

InfraRed Microscopy (Det lab) 

	 Qualitative technique for a better visualization
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Scribes used straight and thick horizontal papyrus fibers to guide 
the writing of letters in straight lines 
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Cristobalite has the same chemical formula as quartz, SiO2, but a distinct crystal structure
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X-ray Fluorescence Maps

E. Brun, ..&  V.Mocella., “Revealing metallic ink in Herculaneum papyri”, Proc. Natl. Acad. Sci. USA, 113 (14) 3751-3754 (2016). 
P. Tack, et al  Tracking ink composition on Herculaneum papyrus scrolls: quantification and speciation of lead by X-ray based 
techniques and Monte Carlo simulations.  Scientific Reports 6, 20763 (2016) 
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Non invasive reading :principal difficulties

In Antiquity, papyri were written using a black carbon-based ink 
obtained from smoke residues, the density of which is almost the same 
as that of the carbonized papyrus.

Ink chemical contrast 

Conventional approaches

Until now, therefore, it has appeared impossible to distinguish ink from 
papyrus inside a papyrus roll using the penetrating radiation of a 
conventional X-ray source and technique, where the X-ray image contrast is 
based exclusively on the X-ray-absorption patterns of different materials
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Absorption Radiography & Tomography
Radiography : Sum of the attenuation along a ray  

Good lateral resolution 
No depth resolution 

Medical Scanner

Three dimensions in 
the medical field

Slide: 25

Nobel Prize 1979 (medicine) to G.N. Hounsfield, « for 
the development of computer assisted tomography »

Tomography 

3 Dimension in medicine and industry 

Medical Scanner

Three dimensions in 
the medical field

Slide: 25

Nobel Prize 1979 (medicine) to G.N. Hounsfield, « for 
the development of computer assisted tomography »X-ray absorption 

imaging is closely 
associated with X-

ray discovery

Slide: 7

X-rays
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µµµµ, absorption coefficient

First public radiography 
(1895)
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Radiography : Sum of the attenuation along a ray
!Good lateral resolution
!No depth resolution
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Nobel Prize 1979 (medicine) to G.N. 
Hounsfield, « for the development of 
computer assisted tomography » 
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Absorption vs  Phase Contrast Radiography  

Davis, T. J. et al, Nature 373 (1995)Absorption Phase Contrast
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Revealing writing : our approach (1)

Ink is slightly in relief 
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V. Mocella  -  Nuove prospettive per la lettura non invasiva dei papiri..  

How letters are detected?
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Phase vs Absorption

n = 1−δ + iβ
Complex refractive Index β = λµ

4π
µ

δ =
Nrcλ

2

2π

linear absorption

N electron density

I
I0
∼ exp − 2π

λ
nx⎛

⎝⎜
⎞
⎠⎟
dx∫

2

Δφ = 2πδt
λ

x

t

phase difference

Index of refraction n = 1- δ + iβ

Ratio of the effect on the phase and the amplitude
(δ/β) as a function of the X-ray energy

δ/β ~10-1000 
in the hard X-

ray range
Be

C
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Slide: 42
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Seeing the Phase

Phase sensitive images are obtained: 

Φ

Direct phase shift

Interferometer

Edge detection

Propagation Based – edge contrast 

Coherent illumination

dx
dΦ

≈

Differential phase shift

Crystal analyser 
Grating interferometry

ca
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Coherent x-ray source : 
 synchrotron light

Grenoble.. 
.. at the end of every road, a mountain

V. Mocella    Synchrotron techniques applied to Herculaneum papyri
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Our approach (2)
 We radically changed the paradigm of the technique:  

• The morphological information as the internal deformation or the length of the papyrus, the arrangement and 
the characteristics of the fibers which make up the structure of the support  is only the starting point 

•Our attempt is to retrieve a special kind of information, the text, identified with the weak relief of ink deposited 
on the papyrus surface.  

Letters can be read using Phase contrast - edge detection 

Even if Papyrus and Ink  absorb quite uniformly a significantly enhancing the image-
contrast effect is obtained  exploiting X-ray phase-contrast tomography (XPCT) 
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Analysed Papyri

PHerc.Paris.4

PHerc.Paris.1   
fragment 
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Words from fragment

“would fall” “would say”

Phase contrast edge detection + Absorption  is enough to distinguish letters 

MEL films 
https://vimeo.com/171348361
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                             (a)                                                             (b)

Complex Internal Structure of PHerc . Paris. 4
Sections

3D Volume
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Animated rendering of the Data Analysis  

Mocella, V. et al. Revealing letters in rolled Herculaneum papyri by X-ray phase-contrast imaging. Nat. Commun. 6:5895 (2015). 
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 (a)  (b)  (c) 
%62 ,)9 /-

1 mm

Letters sequences 
inside the scroll

for example, a word of the  
verb family κινεῖν ‘to move’

can be a single word like 
 αρν-εισθαι … ‘to deny’ 

 

feminine definite 
article “The” “Eu..” 

first syllable of a nominal  
cf. for example, in English 

euphonia, euphonic,.. 
 

The script here is noticeably different from that of fragment from PHerc.Paris. 1 
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A reconstructed alphabet

Recovered  
letters 

PHerc.1471

Recovered  
letters 

PHerc.1471

small decorative hook 
not frequent in others papyri
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A possible attribution

The overall close similarity of the two hands could lead us to date 
PHerc.Paris. 4 to the same period as PHerc. 1471, that is, the second 
quarter of the first century BC, according to the dating proposed by G. 
Cavallo

The papyrus is quite likely to contain a 
text by Philodemus.
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From ink…
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…to the text
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Future Prospects (1)
Data analysis: 

Improve algorithms for segmentation applied to very complex surface 
many collaborations are starting right now  
Develop totally new approaches

New compact coherent sources 

Experimental techniques  
Improvement of technique:  new experiments are scheduled 
Development of new techniques New detectors
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Experimental Techniques
New techniques  (Most promising is): 

 Fluorescence based Tomography   

	 	         combined with the  

Phase Contrast Tomography  

Can add chemical sensitivity exploiting our knowledge about ink 
composition.   

Requires the development of new efficient detectors. 
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New coherent compact sources

In perspective : 

We cannot bring hundreds papyri to Grenoble or elsewhere 

We expect to find new burn papyri  in Herculaneum 

We need Coherent Compact sources 

Ideally combining new efficient and coherent compact 
source with new experimental techniques.

If Papyri can't go to the mountain-synchrotron, 
the mountain-synchrotron must come to papyri.
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Many coherent compact source proposals

electron-plasmon scattering is distinct from the electron-photon scattering 
of the standard Thomson/Compton effect, opening up many possibilities 
not achievable with regular photons 

above 10 MeV are used, as is often the case when X-rays are produced from free electrons in a 

Thomson or Compton scattering process. The resulting 20 keV photons in Fig.1 are highly-

directional and monoenergetic, with an on-axis full-width half-maximum (FWHM) energy 

spread of 0.25% and an angular spread of less than 10 mrad. The effect of electron beam 

divergence is discussed in the SI (Section S.5). 

 
Figure 1: Graphene plasmon (GP) based free-electron source of short wavelength radiation. 
(a) A schematic showing the electon-plasmon interaction, in which (b) free electrons (dotted 
white lines) interact with the graphene plasmon field (glowing red and blue bars) to produce 

Inverse Compton scattering compact x-ray light source with flux and brilliance orders of 

magnitude beyond existing laboratory scale sources are proposed

Thomson backscattering (TS) such as  
SPARC_LAB at at LNF 
STAR project (Southern european Thomson source for Applied Research) 

Graphene -plasmons based free-electron

High-peak power laser (PW)  Biedron et al. Proc. SPIE 996406 (2016)  
  

Nature Photonics 10, 46–52 (2016)

 

 
 Figure 2: The STAR layout, with Acc. cavities, RF guides and beam optics, up to the IP vacuum chamber. 

 
correction [10]. This schema, used by server labs and 
mainly studied and tested at SPARC lab. [11-12], is 
directly passed to the STAR project by the same people, 
involved in both the projects. 

SIMULATIONS 

Beam Dynamics 
In order to produce a high quality TS source, accurate 

Star to End simulations has been performed. The 
acceleration stage, the DogLeg beam line and the final 
focus system, have been studied by using the following 
codes: Astra [13] (typically used in FEL community, for 
high brightness e-beams), which considers space-charge 
effects, Trace3D [14], which works on Twiss parameters 
giving fast starting configurations (DogLeg and final 
focus system), while the final optimizations was done by 
using Giotto [15]; this is a Genetic Algorithm based code, 
which performs optimizations of multi-dimensional 
highly non-linear problems. The use of these codes has 
permitted a fully optimization of the whole machine, up 
to the Interaction Point (IP). 

The STAR LINAC is designed to be easily upgraded in 
two phases: “phase I”, which considers one TW acc. 
cavity, delivering a maximum electron energy of 60 MeV 
and “phase II”, which consists in the insertion of a second 
TW acc. cavity, reaching energy higher than 85 MeV. The 
easily with which the upgrade can be done lies in the 
beam line layout, which foreseen an “ad hoc” drift to 
insert the second acc. cavity and also by the planned 
Klystron power (directly from “phase I), enough to feed 
the Gun and the two TW cavities. All optics are designed 
to cover energies up to 110 MeV. 

Two different Working Points (WPs), for the two 
phases, have been studied; one at 60 MeV and one at 85 
MeV. A part for the second acc. cavity, the two WPs share 

exactly the same beam line. In Tab. 1 are listed the main 
beam parameters, at cathode, at LINAC exit and at the IP,  
for the two WPs. The chosen charge is 500pC, a trade-off 
between TS flux (scaling linearly with bunch charge) and 
the space-charge effects, which degrade the emittance. As 
thermal emittance, considering a Cu cathode, has been 
chosen 1.2 mm-mrad per 1mm of rms laser spot, which is 
a conservative value historically used at SPARC (recent 
measures show 0.9 mm-mrad per 1 mm rms laser spot). 
Figure 3 shows emittances, elvelopes and energy spread 
in to in the LINAC. For the 60 MeV case (solid lines), is 
possible to note the envelope rising caused by the long 
drift, it is a mild effect that don’t request additional optics.  

 
Table 1: Electron Beam Main Parameters 

WP 60MeV 85MeV 

At the cathode: Q=0.5nC, εth=1.2 µm (1mm of σx) 

σt [ps] Gauss. Laser  3.4 3.7 

σx [µm] 340  320  

LINAC exit 

σx 0.7 0.6 

εx 0.9 0.8 

σγ/γ [%] 0.2 0.2 

At the IP (18.7m) 

σx , σy [µm]  21.7, 22.5 18.8, 18.8 

εx , εy  [µm] 2.1, 1.3 2.1, 1.1 
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What about unexcavated levels

Virtual 
reconstruction

Partial excavation 
(’80 e ’90)

Wall painting
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Future Prospects (2)
A promise that many text from the library of the ‘Villa dei Papiri’,  

the contents of which have so far remained unknown, 
may in future be deciphered without damaging the papyrus in any way. 

New prospects not only for the many papyri still unopened, 

but also for others that have not yet been discovered, perhaps including a 
second library of Latin papyri at a lower, as yet unexcavated level of the Villa 
 Need efficient coherent compact source
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Vesuvius is one of the most dangerous volcanoes in the world 

The eruption of 1944 of Mount Vesuvius

Nature 473, 140-141 (2011)

New excavations cannot be postponed indefinitely 
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C. Ferrero

D. Delattre E. Brun

Thank you


