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LETTERS

Laser acceleration of quasi-monoenergetic MeV

ion beams

B. M. Hegelich', B, 1. Albright', J. Cobble', K. Flippa', 5. Letzring', M. Patfett', M. Ruhl’, ). Schreiber™,

R. K. Schulze' & J. C. Ferndndez’

Acceleration of particles by intenwe laser-plasma interactions
represents a rapidly svolving field of interest, as highlighted by
the recent demanstration’ of lauser-driven relativistic beams of
monaenergetic electrons. Ultrahigh-intensty lasers can produce
acoelerating fields of 0TV m™' (1TV = 10" V), surpassing
thae in comentional acceberators by six onders of mognitude.
Laser-driven ions with energies of ssveral MeV per nucleon have
alon been produced™. Such ion beams exhibit unprecedented
characteristics—shaort pulse lengths, high currents amd low rrans-
verse emittance™ —hut their expanential energy spectra have
almost 1009 ene; read. This | ﬂm‘g‘p which is a

D'I_“;E}'"F ot tor clate, remaing
the higgest impediment mﬂuwi*rluunfﬂns technology. Here
we the production of quasi-menoenergetic laser-driven
O ons with a vastly energy spread of 17%. The ions
have a mean energy of 3MeV per nucleon {full-widih at half-
e - 4I‘ih'h\f|1=rl|lu:|mn:llm’n| itudinal emittance of
less than 2 < 107 :\fsfﬂrpu|ul‘|.llluum‘:ﬂmrlhun 1 ps. Such
laser-driven, high-current, ic inn sources
enuhle mwﬁa?:dnmﬂhlﬂwmnf:m \'-':3
ion acceleratars'!, new diagnnstics'™", medical physics", inertial
confinement fusion and fast ignition''".

An ultrabigh-intensity laser (74" = 10""Wem ™' pm™ 7, where Tis
intensity and A is wavdength) incident on a target accderates a large
number of dectrons tn multi-MeV energies'™'. These eecimns
traverse typical thin foil rzlg ets and set up & very stromg, electrostatic

field ﬂrw\[ing 1TV m ", This feld ionizes the rear surface and
aceelerates ioms bnc'm*gu-s af many MeV. This process is known as
target normal sheath accderation (TNSA). Experiments. have
dermamstrated 1m+'ntmnrvfpmrrnr.tn mare than 6 MV (red, 8,
fluorine ions to above W0 MV (ref, @) and high-2 palladiom ions
upto 225 MeW (e, 200, that is, more than 2 MeW per nuclenn. These
o heams hasve a much loveer transverse tenperature and @ much
shorter duration and a muwch higher current than those from
comwerntional accderators, These unique characteristics make them
ideal cardidates for & number of experiments not feasible otherwise,

Ching, to tlwir shwrt pulse bength and ligh energy content, the ion
beames can heat maomscopic amounts of matter o more than 10°°C
before the matter can expand ', thereby creating conditions of high
ternperature and density only found in the interor of stars, Con-
wersely they can also be used as a probe o investigate fon transport
and stopping ina hot, derse plasm before ithas time to disasserble,
Corwentiomal sccelerators are hard pressed to deliver enough par-
ticles in the mvailzble —ps time window to mabe high-quality
mwssurernenits foatibile. Tlese are but two examples whiere the ligh
current and short pulse duration are the key to an otherwise
irmpeesibile experiment. More exampls can be founsd b muclear

phusics, fusion research and cther areas—examples are the syntheas
af neutron rich nude or the measurement of fuson cross-secions in
superneva-likie hot, dense plasma conditions. The much bigher beam
current aned the musch lower emittance of the Laser-driven on beams
miake them 2 promisang candidate for advanced accelerator concepts,

Today, a standard linear accelerator that matches the MeVia
energy levd (with i berng the atomic mass unit] af these laser-diven
one i = 100 m long, In eontrast, the laser fits in 2 large room and
acrelerates the wons to MeV o over just 10 pm. The low duty-cpele in
present experiments 5 a lmitation that is likey i be ratigated by the
next generation of high-power lasers, camently under development,
Heiwever, the major d.ll%’mhv with all the TNSA and other laser-
driven ion-acceleration mechanisms™ has been the n-sl:llﬁng_
maxwellian energy distribution, with a typical 10F% ener
spread™, All the abowe-mentiomed applications would benefit
greatly from a narower energy distibution, centred about 2 specific
value,

We report here a laser-driven quasi-monsenergetic ion beam, a

Figure 1| Experimental set-up. A shart, high-intensivy laser pulee is Fecused
i i thim metal foil tanget by an offasis parabalic mieesr (94 P 5 The red line
shews he laser beam axis, and the red disks represent the laser pulse
eavelling aloag that axis and gervmg focused down by the OAE Two wires
cgreen and hlusy ars sitached s the large, pass a current hrough itand hear
e — LMK e remove contamsinants. [ons are sl d at the target
rear swrleee and are deteciad by a stk of redivchramic filns |REF) and o
Thasmina parshala (TP spedtrameler uding CR-3 track detecton. The
mser dhows wn enlarged frantside view of the e, wich the targen and the
groen and res baing in the lower right corner and the RCF and TP
datectnrs in the upper left
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O hern oreated in the interaction of @ 20°TWIHLE ps laser pulse
with a solid target. A simple schermatic ilfustrating the proces can be
firwel in Supplementary Information {sections SL_1and SI_2), The
erperiments were perfored at the LANL Trident laser faciliny, The
experimental set-up is sl in Fig. 1 {for details see Metlods), and
a time-integrated photograph of an actual lisar shot is showm in
Supplernentary Information section S5 The monoenergetic sig-
natue is the diect sesult of a fundamentally different target com-
position emploved in these experiments. Tn TNSA, the jons witls the
Tiiglwest clawge-to-mass ratio dosmirate the acceleration, gaining the
miet energy. Given typacal vacuum conditions of 10 " rbar,
surface target comtaminants containing protons ane abwiys preset,
Tl prostomsd lave the largess charge-to-mass ratio by at beast o
factor of 1 Controlled treatrent of foil targets before iradiation
with the ultraligh-intersity laser reduces adsorbed and ahaorbed
proton contaminants i an unobsevable level, allowing higher-Z
ware b B thee deminant species”. Using the dght treatment param-
eters aned target materials, a thin soarce Layer of just a fow monolayers
can b formed by catalitic processs,
S|:q.~c|n|:ﬂ]v, wie have demonstrated the acceleration of ©F and
from an ultrathin layer of graphatic carbon, formed from
c.\.l;l]yl.l: decompeition of adsorbed hydrocarbon mmpurities on a2
20 pm pallaclivrm fral, Urdibe the loi-mmergy lasers which ane wsed for
devtrom acceleration™, which have a high repetition rate and allow
the takang of many dhots o oblam gond statistics, jon accdemation
ruxjuires higher energy lasers which are smgle shot i nature, The
mumber of shots is extremely limited and fluctuations o the laser
parameters further complicate shtaining good statstics. Hewever,
trve shnts exhibiling monoenergetic carbon ons have been observed
in two separale ampaigng months apart, and another ten shots
showing mdication of monoenergete ons are still bang analysed.
Frgure 2 shiiws the mensured 7 spectrum (Hadk curve)] wath the
kowest ratice ARE of 1 7%, where E i the mean energy of the O
wors and AF i ther energy speeacd. 1 also shows: the comesponding
haglesit substrate charge state P77 (Buel. Having the highest

M P! mar ™

Figure 3 | Monoenergetic carban jons fram a 20 jm palladivm substrate,
The cwrves show jon numsber () over ensegy per nuckean (Me¥iub. The
back curve shaws the specira of the measured €7 jons, the Bue curve
shinas the dominant subarate chargs state B4''7, The green and the red
ciirves are simulations obtained wsing the 100 hybeld. cade BILBO. shawing
the simulated O and Pa™' T spectea, respectively. The grey curve dhaws the
damimant C dignal rom o Beated W lenget, snd the magenta trace shows
the = cignal fram a cold Fdarger Tn chess last pwe cases, the targens have a
thick bayer of carbin contamsinants and do sal loems @ moneliyer sodne.
Tha rrsulling carban signals are therefore axprnantial and shiow leer
mumbars in the high-energy range. The errors are: db = 1% statistical
acwraey, and dF = 2% far © and dF = 459 far I
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charge-to-mass ratio of 04% the ©°F is dominanthy scoelerated,
‘Onwing b the extremcly small sparial extent of the carbon Layerand its
bowcalization at the rear surface, all of the carbon o are acoelerated
at ance at the peak of the accelerating field, leading to the mona-
energetic ion pulse. After all cabon o are aocelerated, te field
is still very stromg and only moderately screened by the carboa,
therefore the next lighest clusrge-to-mass rto jon—that i, P&
with & carge-to-rmass vatio of 02— o dorminantly aocelerated
and gaing a large fraction of the erergy before the field docays and
Tevwere Pl chage stanes are created and accelerated.

Foor thwe pruarpess of this Letter we limit our discussion to the e
doninant charge states, which ogether contain — 0% of the toetal
inbegrated bomerrgy and D a bearing on the results reported T
Tl besteding ahenet Buracla eof ©F e shons a ronoemergetic energy
awstribution with a mean energy of E = 300V, that &, 3 MV per
ruclecn and a full-width ar Bal e of 0.5 My per nodeon.
W infer thart the accderated C°F on bunch has a longitudinal
emittance of £ < 2% 107 2 eV s, imprening oncomventional ligh-
current accelerators by orders of magnitsde, Alse, in contrass to the
Pd and to any previous messurements, no lower O dharge states
are present. Closer analysis reveals important differenaes m the
acceeration mechamsm for the Pd substrate jons and the © wons
from the source surface layer. Wherens the substmte ong have a
typecal exponential spectrum, the Cions ane monoenerpetic.

The small energy spread of the chaerved @rbon wons can be
understond from consideration of quasi-neutml {n, = Zparpg ),
adizhatic expansion m one dimensaem {100 of a palladiom substrate
anated by a very thin ilm of curbon {Here n, 0 the elecron dengty,
104 the palladium denaty and g, the mean palladiem charge state.)
The electric field obeys eF = —mn ', [t tfe — Zpafpgd, with
and . the distribution rmhmmtflktr.mmzlﬂpu] acium ioms, &
the dermentary charge, m, the dectron mass and v veloaty. Sucha
asma colarmn will expand with sound speed ¢, o charactenistic s
IR =114+ 12 The son and electmon temperatures will
therefore decrease by a factor [0 which kads to an dectric
freld el == e Z, 117, whiere mipy is the atomic mass of palla
. This field keads to an acodanton dix d* =g L2 of the
carbon ioms, with x,- being the spatial enordinate of the carbon ions.
The dymarmues of the layer are chasaeterized by r, the ratio of darge-
to-mass ratins of C tn Pd inns: for ¢ 25 1, the carbon laver detaches
from the substrate at eardy time and propagates abead of it as a
directed bunch, For r < 1, the subsirate overtakes the C lmyer and
flow instahilities may arise. With an average Pd charge staie
Zoiia = 7, one obtains =63, predicting a dean separation of

g
o=14,C
_d=4 80
—d=flA,
gk t 1 — o' =80 A, O
i —e=Bah C*
H s = 1,000 A&, 0%
L r'---n_..L __d-I.OCDJuC."_
g |'
% ]
o t
o I l
[} 1 4
Lnefwtmn‘w.ﬁ

Figure 3 | Changing the thickness of the carbon source layer beads to 2
change in the esergy spectrum in the BILBO sinmlations. [eorcisdng the
layer chickness () causes the specinam oo hecome mere menoensrgeie.

T remsing the bayer thickines beads bo a brosder distribution and ultissately
the appearance of lower chargs states and & maxwelln speciruns,
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e carben ions from the substrate. Bsivkepov e al® have also
examined the problem of monoenergetic fon acoderation, bat ther
il velios excplicithy upen finite transerse extent of the target and
i miot applicahle o the TNSA scenario we find in owr experimernts,

In erder o improve our understanding and owr predictive
capahility, we developed o numerical model thar simulates the
ponization and accderation physice. Full b faite simulations
with the required dyamics and sufficenty low noise levels to
faithfully capture e foniation kinetics are not feasible, so we
have Fexcissid o a redhuced midel tiat tabes into aecount the esseritial
plmics, This 10-hybrid model BILBO (hackside fon Lagrangian
Blen-off) uses 2 pelativistic Boltzmarm fuid modd of the electrons
and reprezents ions a8 kinetic sirmalation partides. This meode has
e explicitly designed to implarent TNSA® in o heterogeneou
mmisture of fonizatien species and on types, In oursipalations, athin
Laver :.r carbon (1-1,000A) with areal derity o= 5% 107
S0 gem e placed an the swface of a palladium foil c.f
solid density o= 1206 gem’ and 4 thickness of 20pm Using
pararmeters matched o the experiment (see Methods), we ane able
o pepesduce the experimental resules,

Figure 2 shwis the energy spectra of the © {green) and P
{ned) components obtained i the amalation. The energy per
nudeon of the © wns agres well with the measured energies
and the otal number of jors accelerated, albeit with 2 somewhat
smaller energy spread. Theenergy spectnum and peak inmizatson state
af Pd betwen 50 and 200 8 are hikewise in good agreement with
the data. From this smulation we can also infer a sounee layer
thickness of ~ 1A {that ix a fe morelayers), which i in pood
agreerment with published mensurements—foresample, wang Auger
spectrosoopy 0 In our parametne simulation study, inoresang the
muarmber of anitial carben Levers while keeping the densaty ﬁn'd leacls
10 twer effects, dhowm in Fig. 3. The mean energy of the © beam
decreases and the energy spread increases with inereased layer
thickness. This trend continues untal adequate space charge easts
n the carben Layer to shadd the soniang electric Hdd experienced by
ihe carbom ions at the hack of the layer, These more deeply buried
carbem dome ondy attaim inmzation state ' and they separte from
ihe layer of C** ions; for the parameters. considersd in 'ﬂ:ns study,
this oocurs for areal diarge densities exceeding ~2 % 10 " gem ™,
comesponding toa layer thicknessof -- 80 A and abowe, Lenwer carbon
omization states appear with increasing layer thickness, and the ion
energies eventually approach a ma: ian distribution, This keha
viowr s also seen in the experiment (Fig. 2. The grey curve shomes the
' spectrum from a laser shot of comparable energy but from a
tungsten target, which is not a catalyst for the required surface
chemisiry, and therefome does not form a thin source layer.

Measurements. using, transmission electron misroscopy {see Sup
plementary Informatiom section SI_4} reveal that upom heating, the
target actually forms a 400-A-thick tungsten carhide (W,C) layer.
This surface layer is not thin enough, and as 2 conspuence the C
mlm is maxwellian and all lower charge states are present, as

eed i earlier experiments”. Companison of the two spectra
shewes that the direct production of monoenergetic ions by thin
source lavers is more effective than just dicing the equivalent energy
range ot of the maxwellian spectrim. thﬂ\crﬂh) the num}wr of
ioms in the comesponding encrgy range from L5 to 35 MeV per
nudeon is a factor of 2 lower than in the monoemergetic case.
i ison with o cold P target shot at similar laser conditions
also shons a mamadlian distribution of considerable lower energy
{rmagenta curve, Fig, 2], hecause (1) the protons drainenergys and (2)
e becalized seusce Layer is not formed, Cur medel predicts that the
energy spread in the carbon beam may be minimized by localizing
e initial carbon lover spatially, that is, by minimisng the source
Leyer thickness, a process which should also result in higher mean
energy of the light ion beam, This hypothesis will be tested in futune
EAPTITENITS,
Our experimental results, sinulation and analytic modelling have

LETTERS

catablisled the basic for laser-driven accderation of monoenengetic
fom heams using specifically designed and treated tangets. Moreover,
catalyric retal substrates such 25 Pd offer the cdhance of laving o
target that configures itself i it if subjected tothe ight conditions,
Such a target would solve major technical obstacles for a luet of
possible applications, making futare laser-based sccelerators much
e fesible, W recently confiremed e nesults by repeating the
experiments in another campaign at the Trident faility, wsing a
substantially equivalent experimental set-up, where we reproduced
e qualitative fndings reported lere, Although the errors in the
analysis for arg specific shot are small, the reproducibiliy of our
vesults froin shot o shot i only —5000, posably owing o the degres
af comitral and diagnesis of key inpun parameters achiesable in our
present experimental set-up, Large, high-mengy, singhe-shot glas
Lasera havve typical shwit-to-hot poaver luctaations of —25%, and the
fiwcal spet conditiens drift over tirme, Varying preplasma conditions
aned pevssible self-focusing add further o the variability of the results,
The resuleing unigue beam charscreristics, fncluding short pals
durarion, high curvent and small trarsverse and longinsding] emit-
Tances, represent a Srong incentive o pursise furtler reseanch and
applications, such 25 advanced acceerator concepts’!, laboratory
astrophyacs, sochoric heating™, fusion soemce’™ and medical phy-
ics', The achivved particle energy 15 already in the right energy
range for fusion applicabons like s agniton, whenes particle
et aned comversion efficiency have 1o be substantially incrensed.
Foar medical applcations like tumour thermpy the situation s the
apposte: here, the particle numbers are sulficient bat the particle
energy has to be increased substantally, Corsidering the fast paced
progress in ubtrahigh intensity laser technology m reeent s, it
reasonzble tn anticipate progres om 2l these e and the deploy-
mient of a laser-driven, -l i aceelerator i the
not @ distant future. Progres made in d.lmi-'pu.rr.q)ud. gl laser
systemns, especially, should enable far higher repetition rates of
01— Hz {rel. 26} An thes repetition rabes, several applications in
accelerator plysics, medical pliysics, material scence and neutron
plrvsics hecome feasible.

METHODS

Laser systemn and disgmestics. The experiments were performed at the shon
pealsz amm of the Trident Md:glass baser Facilioy at Los alassos Natiosal
Laboraiory, The Trident C-heam delivers up 1o 30T 0], -0 pulse
at 1034 s wavelangrh, ||s||u, chirped |u||sc atice”™, The typical pulse
comrast is — 10" L

pulee. As ibagrated i Fig. 1, an
Bager pulseantoa thiss Gl wiger a
pical focal spo ames ane —10wm
"W em . A sack of Gafcom
rarget so gevennd the s leam
pactiles A hale in the mad®e of this f b provides 4 line of sight lor a
Thunson paralols (TP sen spectremsie ™ atached re the suser chamles wall.
The Thensioes pasabola deflocts the dons by e of pasaed decne and
emapratic fields, so that the projection of their path in the detector is defned
Doy perabelic fraces. lows it dillfeennt charge-to-mass ratins are defleciod oo
dafferant teawas, whils thair posi
onargiet, A CR-3 solid s fear track d
= ML prer shis, and in.read ot by a1 e adysit s
With properly chosen parameters, the com armor i bedosw (0 %, T'recrm(
in ion wambers per energy bim 1N} i= dominated by Poizon satistics, and is
Do =51 owving to thve large mamber of counns per shot. For example, for the
O race an Fag, 2, AN v 003%. The solid angles of the TPs are 34 %1077
wnilereradiaes (mer, and te np:nq{u'*g}esnfm inn beams are 24= 100 wer
depending on charge ante and energy. The TP are absolurely cabbaaned foe
u}:lﬂ'n.ﬂllﬁ.:lln’ﬁl enrnr s dosmnated by 1 holesize | 100zm), e given
a0 s boundary fan iy srro ol lei thaa | MY
rhscas, shat i, les than ud decreasing with ceergy.
Turgel Ircatmest and diemistry. The loil teger o heated 1o Ty = LI0GE by
o amacked wiess that pes o curnent Gueugh the foil. Palladiam st room
Lemjeratune i bpdrogas- getter, that i, B 2aas be faund theanghens the balal
the mabarial as well as o thae surEs: The hewing procms denrhs e hydmpgan
i ladsarbad and absorhad an the Folb, thus anabling the efficion
aceeleration of heavier ions, In the axperiment preseeted bare, the gpron|

s o & given trace are disa

pcinr prooeds e
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catalytic sarfice chemistry of palladi s 2 few carbon meoasclyyers of
Erydroarkon contaminaics vo remain on te anfice of the palladiues subsirace
and form awell defined e liyer for the isanociergene arbain beame Given

ahe arnbient vaaum of =10 “mbar, the sarface is ¢ arinus
., campounds. When the P i Beated, the P surlice undeigoss uiipl:
e chunges” e bosesedy bevand H s drivess out ol the bulk and off the

sl A2 600 K T largst is coeysl el debpdragenizsd. The carben, hinever,
wenmning e Uhe suelacs n various dadfersnn coefygurasone. Whes hesing the
et ather, T losperaiuees T35 LMK, the vasous carbos componds
andargn a piase chargs, forming 2 well-defired, very thin graphite layer at the
monobyer sale on the Pd sarbe, I heated op Resthar, 80 above 1LHGE, ths
Tarper will e pevescread andl a clin P surfisce remaies, T the axpevizsant, we did
2« regime, tharehy prparinga
thin source layer perfizct for creatisg monoemengetic ks

MILEC bybrid code, In TILBCL ion formacion and accd erminn is sccomplished
ric fekds of a virmal carbode o hot electrnns m the back sarface of the
ing separacion of the eleron asd on dmesoe, sdf-ooesisien
e obraned by saling the umemationary rdatvsne Visow
Mawd| equacions for zach decron component. These lidds accdenne the ions
and sonize them s Bigher change mares, whes il s imaplemesad in
RILELY |y means of a threshold weszarien . The boussdary cond
aeiiiee Uae devtrie field to vassl within the gzt and [ar froes o
sulace, Toaddusan, the elecinen d ges and Cropenatuees of dhe bt
qn-imlm_-.lmuudm,-nm.r

son, The el alest
th the hot o n the simu-
was amumsed to be Hhpm; 3 hacrpsion of the
S MV with the B crin

e ety 12, 0 3¢ 10,
The cold electrons had m. = 8.8 % 10" cm | cokd dectron fempera-
mre Tom 10k The dersny and temperature profies of the bt deciron
component wers assamed 10 avnlve an e with aussiue shag: during the
prattse: riee and Bawe & full-widih s hall: maoesann of 7005 The simubation used
5 10" simvallation sons of each speckes, Bad a time stgp of 2 &, and amployed
& 107 simalazion cdls ever a domas of axe 1H) gin.
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Laser-plasma acceleration of quasi-monoenergetic
protons from microstructured targets

H. Schwoerer', 5, Pfutcrlhaucr o, Jackel', KU, Amthor,

K. W. D Ledingham ™™ & T. Esirkepav ™

Particle acceleration hased on high intensity laser systems
{a process knowm as laser—plasma acceleration) has achieved
auulity particle |=l:ms that compare favourably with con-
vendiomal acceleration in terms of emittance, hright-
ness and pulse duration'~. A long- Iﬂmle&llltymnnlnd with
acceleration—ihe hroad, niial enel
s gyt il i e st
electron beams™, Here we report analogous resulis for ions,
specifically the production of quasi-monoenergetic proton
heants nsing laser—plasma aocelerators, Reliable and reproducible
laser-accelerated bon beams were achieved by intense laser
irradiation of solid microstructured targets. This proaf-of-
principle experiment serves to illuminate the role of laser-
generated plasmas as feasible particle sources. Scalability studies
show that, swing te their compact size and reasonable cost, such
tahbe-top laser systems with high repetition rates could contribote
o the developnuent of new generations of particle injectors that
mivay b suitahbe for medical proton therapy® '™

Beame of electrons, protons, ions and high energy photons,
produced by the interaction of ultraintense, ulrashort laser pulses
with matter have received considerable attention throughout the last
fow years becase of their high beam quality and their extersive
potential for applications in science and techinology™ '

The intevaction of an interse light Gdd with matter yidlds the
generation of a ot plasma and the subsaquent accderation of
elevtrons up o relativistic energic' . Protons and bons are acced-
ervated by & well contralled medhanism knem as “target nosmal
sheath acceleration’ | TNSALY follenving the initial dectron scoelera-
tien { Fag. 1), Fast eevtrons are accelerated by an intense Luser palse
{intensity [2= 10" Wern ™ *) Frewm the surface of 2 thin metal foil in
e frarweaand divertion. They penetrate the foll and ionise atoms along
i paths. Within about a picosecend, those dectrons leaving the
target at the rear surface (that &, the back surface with respoct to laser
irvadiation) build op a quasi-static dectric fedd, The field acts
normally to the target surface, bas ovlindrical syrmetry and
devreases in the transverse disection. Owing o the oltrashore
duration of the decteon buncls and its high dharge, this field may
veaclyvalues of severad TV (10" Wim* close to the axis and ths the
potential can attain several tens of MeV (ref. 3). Protons and
poasitively clarged jons present on the back surface of tee fol may
b acrelerated by this field until they compensate the electron charge.
In rewt cases, the argin of thse parsitic protons has been identifed
1o be a lwdrocarbon comtamimation kayer on the target surface'™.

As the duration of the acederation is ultraghort and the protons |as
well 2= the wons} are 21 rest before accekeration, eomprising a very
small phizse space volume, the taeverse emittance af the proton
beamn reaches valises as low as a few 107  mmmrad for 1 eV

alic urd Gaanl
anfar, Kmuc g K
Kussia

B, Liesteld', W. Ziegler', R, Saverbrey’,

erms!, Hiowever to date, laser acceerated ion beams still show a
Large ongitudinal emitbance, with their ene ectrum exhibifing.a
qﬁi ﬁmﬂtinl d‘m|wwil|1:|di¢indcut‘te?ﬁm-lgf *, This can
explained by the inhomogeneous distribution of electrons. in the
sheath causing an accelerating field that is inhomogeneous in
the transverse directiom, For o plane and unstructured target, the
transverse dimension of the electric fidd and hence the source sme
of accderated toms are much larger than the laser’s focal spot™
{Fag. 11 Therefore, different parasitic protons experience a range of
potentials, resulting in a broed distribution of encrgies,

Follenwing this understanding of the mechariam of Laser acodera-
tion of protons, Bulanow of al"™"" pointed out that the resulting
protom energy spectrum has o strong correlation to the spatial
distribution of the pretors on the tanget surface, In order to penerate
high quality proton bearms with moncenergetic fastures, they pro-
posed a hilayered, micrestructured tarpet, corsisting of a thin ligh 2
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Figra 1 | Lasdr accaliration of protans fram the back sida of &
i rastructuned Rarpel. A termeate (TW-laser pulis is Focused onte the
Frant side af the targel Foil, where il generains a blow-off plasma and
suhisequently acceleratzs ebctrons. The electrams penetrate the il anize
hydregen and other abems ai the back surface and sei up a Debye sheath, The
imhamogenesus distribution of the hot electran cloud canses o tramsversely
imhamngenesus acceberating fizld (target normal sheath acceleration—
THSAL Applying a sonall Bydregen rich dotem the back surface enhances
the proian yield in the central par of the socederating fiebd, where i is nearly
hamagenaons. These protans constivate the quask-menoenergetic bunch
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mctal foil and 4 sall proton-rich dot on the hack swrface. The
trarsverse dimension of such dots is smaller than that of the
acceleration sheath, and bence the protons will only be subject 10
the central —that is, omegencous—part of the soceleration ficld, Tn
this configuration, the protons all experience the same dectric field
and are accelerated in the same potential (Fig. 1), The resulting
protom bexrm has & spoctrum with £ stong monoenergetic peak.
Here we present experimental results of a laser accderated proton
e with & peakoed energy distriburtion The experirmental arvange-
wert ferllevas thee propodal inorefl 17 0o use microstroctuned targets
1Fig. 21, The vesults e well reproduced by pwo-dimensioral particle-
in-cell {PIC) simulatiore, The simlations also dhea the scalability of
the techique . )
The ligl intersiny Leser palaes {(intensity [= 3 107 Wem )
e genwyated by the TETT 10TW Tiaappluire Laser an the University of
[eria, It el ivers pulees of 80 f duration,  pulse energy of 600 m] on
target and a maximum sepetition rbe of 10H The targer i a Spm
thin titaniwm fol, coated with a 05 i Laper of pelymetdind metha-
arylate {PMMAD on the back surface. I some regions of the sunple
the PROMA Laper was reacrostructuced, leaving PMMA dots of
(20 20 pm on the surface with PMMA-free space around
1Fag bl The laser pulse lats the foil on the front surface exactly
oppasate o one of the dots. Protons and sons, acederated from
the back surface i the normal direction, were analysed by o

Thomeon spectrometer and detected either by an online system
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Figura 2 | Expar and ia
wcealaration fram micrsatructured targes. &,
TW-laser pulse is fncusd by a 45° off-ais parsbnlic mireer (6251 (5 1
imensity of 33 10" am A daton the back surface of ihe targes ol is
pasitiened opposive o the fh'uumm:m alignment laser. & titanium fod of
Spm thickness carmies dots of PMMA with a thickness of 8% pm and 2
tramsverse slee of 20 pm < 20 pa. The photagraph of the miorasricired
Erack surfase o b shews the deis as light squares, The provens and s
acceleratad fram the tanger are dlspersad with respect 1 energy and dharge-
in-mass rasio in a Thomson parabela, and then detecied by zicher a
micrachaand plate (MOF! with phosphar sieeen and ©CD camera of sn
muclear track detecror plastics (CR39), A 3 mos bkead aperuces in frant of the
Thasing parabiols seeves as 8 pinkale for the Thamasa spectromscler and
additisaally shizlds che MOCF frons brensatrablung,
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hased on microchammel plates (MCP) o by nudear track detectors.
(CR¥),

Figure 3 presents the result of inadiating the macostructuned
target foil at the position of o dot in contrast 0 unstructured
riaberial, The data ave given as number of preotons per energy interval
of 0.5 M, which cormesponds toour MCP resolution, and per
24 sy, which is the solid angle of emisson, that results from the
simulationg describod below, The cure indicated by the Blue
trianghes slwns the proton spectrarm affer ivadiating o dot Tt
endiibits a distinet narreny band featue, peaked around E,,, = 12
MeV oon top of a broad, exponential shaped background. The
displaved feature contains shout 107 protons per 24 mer, and has 3
fll-wiclth an lsalfermanimmum of dbwt A8z = 300keV or 3550of

Vo
its absalute valuwe, For comparison, the black data represent an
averige over six proton spectra recorded if the kiser hits 4 blank
posithon o the sarme target, where protons can oy eriginete fiom
an urstrectured Inedrogen contamination loer (parsine protor),
Mo e band featuse appears, and the egponeitial shape of the
apectrum can be approsimated by a emperature of abour 0.5 M
T oceurnence of the peaked spectrum after irvadiating a dot was
alsn abserved uang CRI9 detection. In the inset in Fig. 3, gpoctm
whitained with the two detection methods are compared under the
same cnnditions. Red cirdes and black squares reprosent. spectm
wiang MCP and CR39 detection, respectively. The two curves exhibit
the same shape with a peak at 1.2 MeV, which acoounts both for the
reproducihility of generating peaked spect as well 2 the reliabaliny
of the MUP detecton. The proton yield at spectrum maximum is
determimed net anly by the number of shundant protor inothe dot
Tt alicr by the leser characteristics, whach affect the transverse sale
of the dectrstatic potential, the acceeration tme and the spatial
dtribution of protons.

Cratreg 1o the himated size of the mulichannd plate, the spectral
range al the MCP data is smaller than that of the CR3 data sete
Hewevrer, fallosing direct successdul comparison of these measre-
ments, the electronic sptem provides 2 nelizhle online obeavabon
which allows for sestematic imvestigntion of the reproducibiliny with
respect b proten Fiehd, peak potton and spectral width as well as
for fast and eontrolled changes of experimental aonditions. This

10

R O
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Figwre 3| Protes spectra from the Thomsan spactrometer. The proton
munsher reacking the detectar s given per enengy inteeval of 0.05 Me¥ and
jper snlisd angle ol 24 mar veriss proles eacegy. The main graph shaws &
apectruns ohisined fram irradiazing the fnil at the position of o dat using the
WP detectinn. 1t & represcated by hlse riangles The spectrum fram o dot
. its o prak at am onergy wf 12 MoV as opposed b esponential sprctra
{hlack sapuares, averagr Fram six shuts) in the case of wsing an unsruciuned
art of the target fodl, The peaked structure contains about |3 pradons per
A msr. The inset shows the comparison of the ben deteciion sysiems; both
spectra shone the energy distribuwtion of the protons. from irradiating o dot
under the same condiiions. Bed circles represent MCP deiection, while hlack
squares originate from CRIY detection.
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experimental scouracy can only be socomplished with table-top
Lazsears wiith high repetition rate. A maximum in the proton spectnim
s reproduced consstenthy ifa microstructure on the rew of the target
is imadiated, The position of the peak F., as wedl a5 its width
AF ez, vary from shot te alot by =200,

From systematic experiments perfommed eardier on non-micrn-
structured targets, it & kietwn that an optimuwm target thickness with
respect b prdimar proton energy and yield follows from a given
ternpor] structuse of the laser palsa'™. Considering our laser and
target conditions, the experential contribution o the proton distd-
bution feoim e mon-mrscrestructered targets is in @umﬂl with
previously published resales from similar targers™

The viarviny bard spectra afﬂuwauiﬁ.mdmum:-mm\d
iy o experiments ane due o the seeall proton-rich ans within the
cenitre of the larger quasi-static dectric fidd, set up by the laser
accelerared electrons bevend the thin taget (Fig. 1 I the scale of the
irduormogeraity of the eectric field i larger than the proton-rich spot,
e protorg all experience the same potential. The marimum
proton energy i determined by the wotal chage of dectrons con-
stituting tla aoceleration slheatl and ocours v teeavis, whicl in am
depends om the laser mtensity and the target thickness!, This analyis
1= supported by two-dimensaonal PIC mulbi-parametric simalations
hased on the code REME and the model of refl 20 g, 4 plots the
resulting proton spectrum (solid hne under the conditions laser
antensity [ =33 10" Wom * and 2 5pm thin titanium target with
Hhpm PRAA strsctune on the back side, whach match the expen-
mental parameters. The numerically achieved proton specirum 1
dominated by 2 nanea band structure around 1.2 MeV swith a full-
wadth at half-masmum FWHM = 0.3 MeVar 25%. Simulation and
experiment are in good agreement with respect o both the existena:
af the marrow strcture as well as 1ts pesition and width

Tt s estimated ™7 that in the cse of 2 1Wpm fecal spot and
01 pm thick proton ke, 2 pmton mergy spread of 1% can be

expected. Furthermore, for mocrostructured targets the masimum
proton energy (. i MeV) sales as the spuare root of the
laser poweer (B in PW) with F., = 230 % P {refs 21, 223, The

107" Wem?
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Figure 4 | Results from and of the

Comnparison & experimentil dit (black squires) 1 the proton spectrim
whigined frons two-dimensivaal-F1C dmubaton {red line b loe following
canditions: buer intensity I = 3 % 107 W om %, and 1larget dimensiong
¢ FMMA dal (20 % 20) p . Experinental daa

paints comsprise the ahaervable cnengy range us the MOP detecloe. The
seatistical uncertainty far the measured data bas 2 valus of 266 wd as
shanen by the srroe Bars, In the insed 2 si inn for a el laser
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parameters fior the simalation have been changed tosmaller det simes.
and higher coengics in onder to extrapolate the technique to futures
experiments and irvestigate the scalabiliny of our results (see Fig, 4
irseth, A high repetition rate table-top Loser systern with petisate
power {POLARIS) will be available within a fow yea™, This laser
will detiver pulses of 150 ] within 1506, which beads toan intensity of
bt 10F Wem i foous, Simulations perforrmeed with thess
pardimetirs result in 4 peak proton energy at 173 MW and velarive
width ARE = 1% for a dot diarmeter of 2.5 pm and 2 sedoced layer
thickness of 01 g Under these conditions, the peoton vield is oo
Lesnger limited by laser enengy, bur al protens contained in the dot
{8 2 10" are quickly accelevated to an energy of 173 = 1 MV,

Proten beams with such a classctenstic raghit be suitable for
treatrnerit o deeps sited twmoars', More realistic witlin a foe e is
e pesteritial foor lser induced proton therapny forape tumeowrs, which
anly muire =70 MeY protons®.

Wit e Enclicated thar this experiment was carvied out 8 “proof of
principle. An extensive programeme i now widereay 1o reduce the
widdth and increse e energy of our protaon peaks by impreving the
target Bahrication procedure, We intend to reduce the dimensions of
the dists and change the larget matenal. Chr initial argets were dots
an ltaaurm, which was chosen on the basis of our prelinunary
experiments. Gold = expected o be 2 musch better substrate’”, as
can delver more electrons, In e Methods section, we descrbe bowa
M YA laser v wsed 1o redice the thicknes of the parasitic
{eontamination) lapers by laser ablation™. Al the same laser
llurmnated the dots to align ther prsition with repect o the focal
regiom. Thas strightforward eptical peationing will allow future
operatiom of the set-up 2t high repetibon e

W have demonsitrated the feasibilaty of laser—plasma acoderators
for produang proton spectra wath 2 reproducthle monoenengetic
peak usmg microstriciured targets. Berause of the high spectal
dersity, all accderated protons an be dlomted o the repedive
application wath lagh comveraon efficiency. Our e steps towards
mrxmul;amc protons sheiw a distinet improvernent. over the

rential o ectra published b date, heralding new poss
|:| urclrmnr:;(g\:br’;\]:r:adgmpxdmdummm]n mr‘%zml']’:m
future laser accelerators may be in reach of medical proton and heavy
o therayry,

METHODS
Laser, The experimen
Tizsapphies lazer g

s were performsed usisg the |F
el on chirped puls: ampl

laser pubses coimaliieg SMF= 25 md on mege within a pulse duranian af
B0 56 (1= 10 sl The pulss duranson was derenmined using o back
r ke fros antalcns

groaid free THG a.umﬁrchmr and a Mach=Zesnde
ezier. Addisionall
cemntrast e 10771 ru]n.5;|i||c|||rcllncu
st Pockels ol JET s ar a ceniee wavelengh of 793 ne and delivess a
a0l 10 ahals per sevensd. The luser parancteri wene iy characterizsd
and maoninnred durieg the operiment. Tha laser pulses we
pambalic pmrror (1772.3) to 2 fecal apot size of

g an imsensity of 52 10 W om

il ks farget w3 3 e Ehin
titanium fivil, which was coated on one side (the back sda with, pesprect 10 [aser
mradiaiion | with a 0.3 am this layer of PMMA doped with Rhodamane 40 The
suitable thicknesses of the roetal G 3 i) a3 well as the I"'\-Skl’llrrzrru_mm.
with respect i proton energy and proses
wary experaments. The 5 incainiuie Foal ws e fon resons of suabilivy and
:q!n.iuulh]w even tiough shineer metal fnls (2 gl resulied s higher proson
energies. The hydeogen-nch PAMMA liyer was micensractured by means of
Fermiesecond laser ablanson, nyilllp nlms- with a size of (20 ‘Clu.m' ha

system demanstrating the scalability of proton aceleration from
microstruciured targeis is shown, The parameters for the simulation are
Tpom n2 s 0 Woem ™ & pns Tifail + 00 pm PMMA doe (25zm
diameters, The proion spectrum exhibiis a narmw peak with relative enengy
width of AFE = 1% at a peak energy of 173 MV,

the: key jat of the cuperissents cach laser

e Ereeet il of Che tangst cxactly apposne e oee of the

el by localizing the dots with belp of 4 |rc||u|:|.l'
i ha

deds. This was
deuilind
Carued 80 nea ol the dod. The foci of the TUY
aligred s nverlap in swer, The dot's position, do
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with the posrion of the focal spom oo the
rradiacion of the targes's back surfice wish

was brought anto spatial coiecide)
o side. in addinosal effecr o1

the NAVAD liser wie & redecion of the farasine protan biper by lizer ablazion

sither by x vl schannel plar
caniera o an sikclear trck deedioe CRY9. Befiose i
natennion Bzan traversed a Thisesos paralols type sp |r=||=u<||||||rin=ll:|
goctic Held | = 535 eaT) paralld g an dedtric hield SO0 a1,
i T respect n-snevgy and change-io-

determined from the spail
or. The MCP sysmam has the majer
hratad h-,, a

tang, the delector, the

T anargy distribe
dupribusion of the protom oo e

oormesponds 1o the resolutios of the MCE an d|~crsn||n| angle of |(|||=| .Jd d
byt 3 i apervane in Froes of the Thoseoe parabola, The speara are saled o
24y, which i the ull angle of simission a3 obtaned fom the similason.

Receivied 14 September, sooeptid 1 Decemiser 2005,
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AN (200

3 Clark,E o ol Messuramd, of eengdis prolin lenson Srou masmelied
i friren bt rser inbarac 1S will sk, Pis R L, 85,

WA= (000,
Srevmby B A ol al Inberee Figh-energy prolon
lmd;i.m | solis, Py R Letl B5, 2S45-3648 A0

. e al. Uitradosy ermétlonee, mulli-fe! prodon bearms roma Laser

wud-czl}mepl.'m' arvelsror. Py Be Cetd G0, M0AR00 (3004),

Mrgies, 5 ol Mornenergetic besms of ol wectoues Trean nlaves

Laser-plasm inleracions. Mol 431, 535-538 (3004

S e fron pelanll- baser
4
5
& Geddes, O ool ol High-auably slecireon beans frorn a leer kel d
T
&

axceeberalir urime s -chares| puidh g, fef o A31, 538-541 (20044
Fare, | o ol A lser-phisma arelraior preducing mongerergelic sleacioon
bearre, Nt 431, 541544 (2004
Tojirma, T. & Mourew. G Zelmvaii-morant
uitrzstrong- fedd premaes P Rise
CAER

4  Lorkegram, KW 0 Mekave, Pod Snghal P Applications fer ruckear
e generatiad by itrarinlanss leers. Seence 300, TOF-TI0 (00S).

0 Bulanes, & & ehamenkes, Y. Feacihiity of Lsing biser ion acrelaraions in
frotan hergry. Flmma Py e 28, 453456 G0

ey, el heir applications
Sper mmm&nﬂiul&ﬂ

HATURE] ol 433126 January J006

11 Modenz Ao ol Eleciron accsleration from Lhe: bresking of rebilebc plasma
warees, fafue 37, EDE-ELE (199451

12 Maka V.o ol Elaciron accelertion by o weke Reld forced by an interme
uilrashort by pulks. Soence 298, 1556~ 1600 {2002).

13 Wiks, 5 ol ol Erecedic prolon gereralicn i dlravintense lser obd
inberactions. Py, Plmmos B, 542-559 (T,

14, Giomer. 5 Lol al Fasl ions and hol-slecbrs in the lser-plasma inberaction.
Phys. Fluicls 26, JEM0-2ERR (1906

15 Hegedichy N of of Mel ion jels from shon-polse-Seer interaclion with thin
Tails, Flys. Rev. (el B, (RGO (20025

16, Schwedter, L. of ol Sounce-soe messurements. and dhorge disinbubons of ions
accderalisd frem Sin el imadiated by Fegheinbensly laser solses, A, P
B 7% 1011045 (004

17 Esrbepes, T.of of. Propossd deobie-byer Largel for the pereration of ligh
ety e oocelersied inn e P e Leit, 83, 175003 (20002

1B Faluzn s of 0! Infhence of Lhe loser prepulse on provon acceleralion in
Thirvfei| eepmrirnerts, Ry, R Dot 93, 045003 (004

1% Spereer. L ot ol Experimenial siudy of prolon emission from E0-ls. 300-m)
higrrrepetiton-rae latietep-lamer solses lemctivg with salid largels. Pis.
P £, 06402 (2003)

A Mtsukodn, K of, Energelic protore froma lew-rmcron metalic o
evaperabed by o inberss leer pubse, P Rev. Lefl 51, 715000 C0ADL

I Bulonow S W ool I'eﬂu:lludurnlmu arrelsngtion in prolon Seropy. AP
Conl P 740, 414-429 (004},

21 Ewrkmpos, T.of o Leser on acoeiernlion scafing ke seen in rmul rmromeine
P simubitions. Py, Bev. Leit, {subrmilbadly pregeink al bilpyonmorg/abss
s TE IR (A05),

F4 Mein, ) et ol Drinde pompesd chirperd poke smpd B on S the ook kel Annl
Fina B 79 SK-472 (2004).

4 Drmil’a:adck&tmhlurpbdllll&ﬁ‘fwﬂ% 0 Prodon
bearn rad cthepsy of chorcdil melanenna The Liverpeosd- Citlers e
agerimnon bl [ Rl Oscel Bl Aya 62, 14905-140 QD05

2 Alen Lol ol Divect sspenmenial syvdence of badk-suriace jon aoosberalion
Trewn birver-iraciali ol Mods., Pra R, et 98, 265004 CIO04),

Aecknidgimants THis vark wirs supported iy (e Deulace
Forschungsgerneinechall. T.E tharks 5 . Bulanos T discussions, EA8I0L
Mdnimc n Ihe receint of 2 Carl-Zokss wisiing prokessorship, We Shank

F. rger and B Belsiles for treir ischnical support. We thark H-1 Fucbs
'nd\'\.l Ctﬁ’for heir help iri producing Lhe targels.

Atz Information Repoints and peavissions inormalon & aaiabde al
rpg raburecomyreprielsandgenrmissins, The aulhors dec b me corpetivg
fmarcal inieress Com v ol g = for raleriols shoud be
addrizse I HLS Corhwnaren i e - el

Wil AXB|36 January 2006]dei:10, 1038, nature04418

LETTERS

Amplification of chirality in two-dimensional

enantiomorphous lattices

Roman Fazel', Manfred Parschau' & Karl-Heinz Ernst’

The comcept of chirality dates hack to 1548, when Pasteur manu-
alh'scpu'\md left-handed From right-handed sodium ammanism
tartrate crystals'. Crystallization s still an inportant neos for
separating chiral molecules into their two different mirror-inge
isnmers (enantiomers)’, yet renmins poody understood”. For
example, there are no firm rules to predice whether a particular
pradr of chiral parters will follow the hehavionr of the vaste
majority of chiral molecules and orystallize together a5 pcemic
erysatald’, or as separate enantiomers. A somewhat simpler and
mre tractable version of this phenamenan s crystallization in
twn dimensdons, such as the formation of sirface structures by
wdsorbed molecales. The relatively simple spatial malecular
arratgetnent of these systerms nakes it easter 1o study the effects
of specific chiral interactions’; moreover, chiral assembly and
recogndthon processes can be observed directly and with molecular
resnluthon using xanmngnmuelll.lg rdcroscopy™, The etatitho-
separation of cld twin dimnenisdons 15 expected to
QOCUF e I.‘!'ldﬂ}' becatsse p]amr confinement exdudes. satme
halk crystal symmetry elements and enhances chiral inter-
acthons'™"; however, nmny surface structures have been foand 1o
e racernec' "%, Here we show that the dhiral hydrocarhon hepta-
helicene o a Cu[ll]] smmdm ot undergo two-dimersional
™, but still shews enan-
hnnl:rphummlmlﬂql.bsﬂ]z&umﬂyamﬂl-
rull.ﬂul:s. “mﬁmdmchphlzhm
ins with non- hlbe mirror-like lattice structures,
with a small excess of one of the heptahelicene enantiomers
:wmﬂ!ﬁmﬂlu&mw Mulllrbnll!
ol h ity in achiral phous mono-
|mmhr::hrdmdaf!nimuﬂm:nnn.mﬁ'mln
ensure Lhal the entire comssts of d
having anly ane of two possible, non-superimposable, mirror-like
lattice structures.

Mitures of M- and P-enantiomers of the helically shaped hepta-
helicerne (€, H,yp [TIH, Fg. 12} have been deposited onte the (1113-
surface of a copper single arystal {Supplementary Methods)., The
scanning tunnelling macmscope (510 image for 2 dosed-packed
miodecular layer of racemic [7|H on Cu{111) in Fig. th shmws
extended twe-dimensional (213) domains with a diameter hmated
mainly by the terrace width of the underlying subsirate surface
{50 mm}. Enantomerphism = manfeged by the ohlique alignment
of the adsorbate lattice, which destroys the reflection srmmetry of the
undertying substrate. The lattice vectoms of the twe mirmr-domains h
and p are tilted by opposite angles of 1.5 with respect o the [110]
suhstrate surface direction. This 2D enantiomorphism bas previos
been observed by means of low energy electron diffraction (1LEEL:™
and atiributed tn spontaneous resolution of the mixture inin
homochiral domains. However, the present STM ohservations reveal
that the local molecular amangement within the two domains

i

Figure 1 | Enantiomsrpheus demnaing of racemic heptahalicens on

Cut 11k = Ball and stick mndel of the iwe enantiomers of heplabelicens
(green, carhom grey. hydragen . b, STM insage 1200 % 200 mm | shawing the
Formation ef exiended chase- packed domains. Lefi- () and right-handed (0)
demaing are caloured red and yellow, respectvely. £ Clase-up images

(10 s 10mm s of the twe mirror demains reveal sigeag rows running along
the [SE0] (A0 and [451] dircctions (p ), lorming angle of = 1009° with peipect

4 5§
oo the ke packed [100] surisce directinn, The ( : ":] | dnmin | and
o -

s

1
2 } I dovmain) umit cells are indicabed,

" b, Son i Fidiral Labaratanas o Malersds Tealog a0 Resganch, Jaerbndil e 129, CH-BA0G Dlaend ol Sw it land

£ NATURE 01/26/2006 Section: Letters to Nature Page: 445/449

S @ VHTepHeT




