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wiare uaad to mesasure the vertically polanized XX photoass, and horeontaly and
wertically polarized X phovons. The tme berween derecion of XX phovons and
X ploeans was messarad by 3 e inrerval analysar

Piwanns can be oo over & puisher of hours by compensating for
lacruanions in excnon and deecion efficescy over tme This iz achiew
by dereremining the degrae af cosrelatson from the ratio of the e corrdatini
measured simplaneously, cach noomalised by te nussber of paies detecsd in
diferein baser cples.

Theapproach isvalid foe anpolaried sources, and usgpolaring wasnission
of the ligha collaczion system ap 1o the wave places, Orar spmem siisfics these
Tejuirements, a5 the amision was nnpolaized withan coror, and the s
mussion was only weakly polanming, For the resulis of Fa, 2, a single half or
quarer wave plate was isertad dwectly alier the collecrion lass 1o selecr the
wzasurzment lasis fee the cucito and beesico et sinsva R anseosaly, and
The DAk wik 2oed willen o3 errc. Far the 2 al
hadf wave plate wis used belere cach grectenmetan io
et hasin fod the cucitens and Bescibon wdepei-
ikaion was cndy —1056 pol
conncident s detesind over the e of a o
1000, which diczates the mwazara
Chantam tamapgraphy asalysis. The probability thai 2 phetan poir i
with a salectad polarization coesbivatioe was deteresingd expeeime
pairs of wo phoion correbioes mesured simulaneonsh. 18 such measre
ments were used to consruct each wn photos dessity mariv. o
polarmation combinations and mecthods of ro e density masnx Faly
dzonbes the mwo-phatsin gaainan state, a 5 can be iead 1o e foe

enanglement. The sest we chese s than of the largest agemvabas, which is a
gl 1t thatmakes i assarprios abour the samiee of the asaigled sare, in

R
e Feu an uapolsinad <lasical souece, the prakul
cxials in iy given poligization state cannal exsesd 13, ek
P05 sageaites the peessnce of entanglessenn.
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LETTERS

Ultrafast superheating and melting of bulk ice

H. IgIE'\.I M. Schmelsser K. Slmeomdls A. Thaller' & A. Laubereau'

The superheating of a solid 1o a tenperature heyond its melting
point, without the solid actually melting, is a well-known
phenomenaon. 1 ocours with many substances', particulardy
thase that can remsdily be produced as high-quality orystals. In
principle, ice showdd also be amenable o superheating. But the
complex three-dimensonal network of hydrogen bonds that holids
mﬂllﬂl:ﬂ.‘llﬂI{Fhrlrﬂp‘\ﬂﬁﬂhlmmﬂ]ml"’ﬂd;ﬂ'ﬂd
pcn"lcrl:ei"““ affects the melting hehavioor of ice'*; in
, e wsally contains many owing to the direc-
ﬁmnyﬁluwwlkmu,ﬁmuhﬁmmmﬂﬁly
ahle to ‘crente” defect -free ice that can he superheatsd'™ ', Here we
show that by exciting the OH stretching maode of water, it is
passible 1o superheat ice. When nsing an ice sample at an initial
temperature of 270K, we ohserve an average rature rise of
b= 2K that persists over the monitored time interval of 250 ps
withaut melti
W have pc'xvrmu'\el ultrafast termperature jump messurements
in ice {for details on the cxperimental setoup and the sample
preparation, sec the Methods sectiom) wsing the OH- and
OH-stretching vibrations for rapid heating of the sample'™*, The
same vibrational modes are known to sensitive probes for
Hebomding'** and represent suitahle spoctral toals to distinguish
lncal ice or water structures with a time resolution of a few
piensscnmds=!. To illustrate this point, the steady-state infrarsd
ahsorption spectrum of HDO(Cr i shown in 1a for various
termperature values. In the range 2,000-40000m " the well-known
- and OH-haneds (left and right] ccour with significant changes of
position (blueshift) and shape with temperature. Figure [h prescits
the samie data as thermal differential spectra for 7= 20K, The
spectrum corresponding to melting of the ioe sample roduced by a
factor of five is also ghown in the Fig 1h, The potential of the
mederular vibratiors & bocal probes of temperature and meting is
readily seen.
Famiples for the time-resolued differertial spectra measured ina
2 5-pime-thick HOOR,O 015 MY jce specimen at 200 K are presented
in Fig L 1t showws ultrafast heating by two different processes: via
irifrared absorption of the OH- or the OD-stretching vibeation, The
transient spectra taken 50 ps after excitation areshown in Fig. 2 The
abeorprion changes are plotted for purg pulses of 30l at
290w (OH-pumping. blue points} and 2.7 p] ar 2435 em !
(UD-purnping, red points), The adjustment of the pump-puls:
energics ensires that approcimately equal amourits of encrgy ane
epaosited in the swnple for both frequency settings, Bodh oudtation
sclwemies induce almost the same spectral changes in the HDO joe,
indicaring taat the OH- and OD-oscillators are alveady at i = 50ps.
in a local equilibrium. The similarity of the fime-reschved data in
Fig 2a and the thermal differential spectra presented in Fg. 1h
eonfirre induced heating of the sample. A comparison of the
euperimental data against differential spectra computed for
warious Bochoric temperatare jumps and the ssocated sivul-
Taneous pressire increise SugEets an dverage temperature s of
20 = 2K i e ioe sample (Fig. Zh, see alan the Methods secticn fur

further details). The mochoric presure inoease is edimated to be
=26 P

The time evolutinn of the speciral change: induced by OH-
pumping i depicted 25 a contour plot in Fig. 2e, showing that the
frequency shift of the hydrealic stretehing modes—whach appears as
nduced shaorptiom in the hagh-frequency wings, mdiated i red—
has terminated after X ps. The h'mpma] evolution of the spectral
shift for hath OF- and OF-pum is dr\-rlurwmn'] b mmore
quarditative data in Fig. 2d 1r|4]]w J;i i% ns 'Fm'|||rnc|mnf
ZA¥em ' (0D probing, Fig. _d'l and !,_?i'lcm (O prohing,
Fig. 2e). At short delay fimes, fast signal changes oocur 2t mates
comparable to our time ressbution under both excitation conditiors,
athath probing frequencies. | The signal overshinot for OH-pumying,
shemm by blue points in Fig, e at around ¢, = 0 ps possibly involves.
a cherent probe artefact in addition to mlh'ﬁﬂ“ of the
vihratiomal ground state.] For delmy times longer than 20ps, ampli
e bevels are constant. We can fit the data using a simple rdavation
miedel with twe assumed exponential time corstanes, and obtain a
shart relasation time of 7, = 0.5 ps consistent with the reported
OH-lifetime of HIND ice™'® and a longer relaxation time of
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Figure 1| Conventional infrared abssepticn spectra of HOO:D20 (16 M)
a, Absorption spectra of hesaganal loe bn the OH- and ODareching reglon
al various temperatures from 200K (blueh i 270K ired). The specirum
of the sallen samsple 01 275 K (bback line ) i abia shown. B, Same dala 2 in @
plozed as chernaal dilferentil spectra with AT = 3 K- Far a beier view,
the spectrum cuercipanding Lo mselting of the ie snaple is scaled by & lactar
af 0.2 FTE-2T0E, Back Bnel.
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=87 = 0S5ps attributed to the thermalization of the hydrogen
hemading reticrts of the ice specimen, that s, enengy redistibution
among low-frequency intenmolecular vibeations, The process
ol ves an avernge temperatuee iseof 20+ 2K that persists heyomd
250w

Figure 5 presents data similar to these shown in Fig 2, ewept
that tlee foe sormple has an initial ternperature of 2708 and that the
i freguencis are tuned to matech the temperature-shifoed band
mavima (BI10cm ", blue points; 24500m ', ved points), The
tirme-resobved differential spectea for = 50p in Fig. Ja show a
striking similarity o the spectra in Fig. 2a, exhibiting a hlu:duﬁ.nf
thee Iy roncilic rarwds bt o evideros for melting, Similary, the
evolution of the probe signals (Fig, 3e—e) only suggests an increase in
the ternperatuee of the sunple tat does pot cause melting. The
energy trarfer between OH- and OD-medes ocears diglithy faster
thar ar 20 K, with the pew thermal equilibeium establised within
15 pe. The belaarivnar is veflected by 2 dhwrter thermal redaxation time
obtained with the two-stage rdaxation model, 7, = 54 * 05ps
1Fig. 3d and & we can again place enly an upper lmit on the fast
relaxation time, 7 = 058k

The sirmalar behaviour ohserved at the o temperationes suggests
that the optical excitation induces the sme process m bath e
samphies heating of the s, rather than mdting, To venfy this point,
wie nemierically generate a bypothetical thermal differential spectrum
ferr HIDOELD, O ice at 2 termperature Uhat 16 abeve the e melting point
of 2T K. For this, we extrapolate the dependence ol the spectral
position of the AT = 20K thermal diffenmce spectrum an mitial
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Figure 2 | Ultrafast heating of HDO:DZ0 ice from 200K to 220K
Subploosecond excltation at 3390cm (OH-pumiping, hlue point) and
2,4350m " (OI- pumping. ved pointsl. Ervor bars ave o.4. a, Translent
differentlal absorpuion specira (SO0 5 10 taken S0ps alter exciistion.
The sobid black bine indicates the differentlal shsarption speciram caboulated
for & temperature increase of 200 b, Magnilcatisn of the OH-range ros
jpancla, with calculated sachosic the rmal dilteres lal spectra lor AT = 15K
iredy, 20K {black) and 35K igreen e Contour plot of the speciral chanpges
mdiiced by OH-pumping as & lentian of probe (requency and delay Line.
'Im!ul.-adlfwnrpluu s imdicazed by red and bleaching by bue, with cantsur
valurs given in the colonr scals next tn & We nade thai the delay time s on 2
r sz tn 1) ps. and an a Ingarithmic seale for longer defays.

, &, Tnduced shanrpeion (2000 5 100 at 2320em " (d) and Bleaching
Imegative A0TH & 10°1aL 3,280 cm ' (e versus delay time. Solid nes are fits
using a simple relaxation model with two assumed sxponential fime
cnnstants.
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sample temperature, noting that both amplitude and spectral shape
depend only slightly on initial temperature (Fig 1hi. The results of
the sirnulation for different temperature jumps (which account for
the effects of isochworic pressre incregses] are compared with the
s e apectrum in Fig, 3y indicating thar optical excitation has
heated the 270K dce sample to an sveraged bulk temperature of
240 * 2k

According o simulaticns, the stability of the superheated stare of
retals is Bimited by defoct comcenitrations of the arder of several per
cerit™, wlwereas experimental ssdies oheerved melting already at a
vacancy concentration ome onder of ragnitude smaller™, Wi eoti-
mate the cherical imparities of our sample o be of the arder of
1Y, pepresenting a bower limit o the defect concentration, The
atrengtly of Tpdrogen bands i notabby smaller than that of covalent
and rnetallic beonds, reslting in ligher flucnsstions of the Iypdogen-
oo vt i ice and thios enlanced formation and migration
of structural defects™; in the case of Lunge topological defects with a
lifetivme of 0508, these are predicted o induce bulk melting clese 1o
the cormemon melting remperature™, ln gereral, defct-free orpseals
can readily be superlwared ™™ but once o critical defecr conoen-
tration i% present, it will induce melting and thus mterfere with
superhezting™. We note that evidence for the melting of our samples
within 250ps after energy depoatim = lacking. The topalogical
defects comsadered m el 25 deardy do not play 2 significant role on
this timsescale.

When using larger emperature jumps, we do ohserve melt-
ing. Figure 4 shows time-resolved data for OH-pumping at
3,257 5em ™", ehtained with a I-pm-thick sample of HI:H,O
[150] b with an initial femperatuse of 265 K. The absorption
changes at four spectral poations i the OH-stretching regon
mezsured 2l fp, = 50ps are plotted versus density of deposated
energy (Fig. dal. As long as the deposited energy density does et
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Figure 3 | Superheating of HDO:D x0 loe Trom 270 K te 290K, Euwui
33100 " (blue paintil and 2,450 e {red pointe). Erear hars are s
Transient diflersnrid absorption specira measwrad 50 ps afler wliralast
Bcating, The hlack sulid curve represents an extrapolated Uhernaal
differential absorpiion spactrum for a transient ice state a8 200 E and
mressure af 26 MPa. B, Magnification af the (H-range wilh sxirapolated
ismchoric thermal differontial abssrpiion specira for AT = 18K freds, 30E
{back | and 33K jgreen. & Contour phat of the speciral changes induced by
- pumpan g, a3 a function of probe frequency and delay tme. d, &, Induced
ahsorpeion at 2595 cm ' (i and bleaching at 3,300cm ' (&1 versus delay
time,
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epceed 55 & §lom .1hupn.ﬂ‘alm11pllrudﬁmpm|xown] tonthe
excitation level (and average temperature risel, as is o fir
Laser-induced Desting. Similar 1o the dara of Fig, 3 for the HDOA,O
sample, the superheated ice state of HDOEH O i found 1o persist
cver M vomitered time interval of 250 ps (data not shon,

When the depesited crangy density exceeds 55 Tom ™, all oudi-
tation curves exhibit a clange in their dope (see Fig. 4a) that is
accorriparied by a significant broadening of the transent dbsorption
spectre. The differerce of ton taient spectra messuned above
S8 Tam* agrees well with the therval differential spectrwm come
sponding to the jce-liguid plase wanstion (data wot shown),
suggesting that the smiple undergoss partial melting, The data in
Fig. 4a suggest an average ternperatoe value of 292+ 5B s the limit
for superheating of s bee sample, a valee in fair agrecment with
revent caleulativns by Luer af ™,

Data en the time evolation of the melting process in the
HDEH O svmphbe after excitation with 45 = 5 [om * are preserited
i Fig. 4b. For shont deay times, ahaorption first decreases vapidly
(5o inset of Fig, 4b) and then more showly on the timescale of several
plecsecnnds (7. Tn contrast o the dyramics obaaved for super-
heating {beow 55 ] am ), whiene the signal curve raches 2 constant
armplitude within 15ps, the data in hig. db dasplay an additional

At
o 20
a 50 T T —
3450 o
0 e
N 2585 o
il - 4
2 T ]
* ool ¥
B 3,185 om
k -
L ]
-‘""-
T
3 .
2w - Y a5 emct =

1 I
[] E) 1001 RE] F) 250
Dilay ima, Ty ipsl

Figure 4 | Superheating and {partiall mefting of loe. Time-resolved
ahsorprion changes | AQD & 10" measured in HDOHAD (15 M) e at
265 K adver (M- pumping a1 3,275 cm 'u:pmmrmd]\nlnlﬁ.efml bars are
s . @, Absarptien changes taken a0 = 5076 and varseis spectral
pecitlans versus average densivy of depesiied snergy in the probed velums;
limes are guides Lo the cpe. The wpper abscia scale denatcs the aveeage
temperaturs jump AT b, Temparal svalution of the induced bleaching in the
OH-hand a1 3,255 e % the solid curve indicates the predictians of the
entemded relax maeilel The insel shines the dbart tinse dynamic
40K 3 10 wersus di3) Logether with the shape of the pemp pulse (dashed
lime ),
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relavation mode extending oner 150 ps that appears to be cormected
o partial melting of the ice specimen, Inoomporzting a third epo-
meritial time constant in the sdaation model yidds £, = 45 = Sps
for the sloveest process (see solid curves in Fig, 4b). The exact
charncter of this time constant is not widl undestood at the present
time, Compared to the lifetime of lypdreoilic vibrations (below | ps)
aned the measwred thermalization tme of ioe of several plooseconds,
this meved pelaxarion Farure persisss over 2 otably longer time
period; this s expectad for o collective process sach as meting,
whicl invalwes many molecules, Deeper understanding of this
irtriging feature will need to await more detailed studies of the
wichanisns wdirlying the solid-Gouid phase ransition.

Subpicnsecond infrared specirometer, Unr coperimenal spsier was described

revemly™ and is just briefly mestioned here. The infrared pralues are delivesed by

laser-pumpsd parameons osollacor-amplifier v with daranions of 07 ps

spectral widibe of 24am ™ 119.0m ") and typical energuess of 10e)

“canputer-contmolled tuning is proveded i the range 1,700-3,700 cm "

g an Deack et refer 1o e pusap jsliss. The panp
I \

L The snergy o
il the: praliig patie theaugh the sxcaadaample
prarpandicular | L) polareatioes with, respect 1o th
pramp beam aed comparad the probe branssitiance Tiv
cod changes of opical den
b frseuencies v and delay times o
i+ Zhogt L
degendently ofa

i
i devermined aed plotted as 300 3 16 in Figs 2, tha
bl uced aptical anisotropy,

Preparation of the investigaied ice crpsials, The samples are producad by
shonly cooding a o FIDHY Cwlezre D0 i Sentenmed H ) in Do of an H0
C13 M berwesn rwo L wissdows with a suicable spacer or Lipm) ina
cryosar e 180K sid adjusieg rhe desiad rempeniure lmer ow. The iovopic
waisrines ars pregared [rom appeopriac: amouwms of -disilled HAY and [2:0
(= FaLE withoul Tuetker i st dee e
o be ZTHE ZRAK o e HDO:DGY and HIM:

eeapertivy.
Tsncharric emperature jussp, To cldwass o peeseoned thern
peifonsed carclul @eady.aate e
change of the ahmp
apevirosngy and ako.
(ealea ok 3. T add
mise of the sample ocors ab congant volame beading 10 2 simulaneous presure
imcrese, hecause thermal vobame expansion is rebnively shean a pannszeond
scale only, The simultanenus presure change i the cosial du Aty
temperaure nse al consast volame i incorporated by asing the r\'\nnad
moihermal pressure shalt of the wibrateonal haed and thermodynamac
parametersof ice. The sobanc: wasperanine cosific o

off D% are mmeasured so be [arrg /AT =
and AL = e0lem ™ K7 ar 270 K. The required
are the coelfcient of thermal volw
conpressibdiny of 0120GPa"" b the wochaork
s wereies of L3MP [ .!c::u-d. Using the isoibensl possors
dewwnnshat™'® ol =78 = Tom ™ GPa ! for the CIF band of ice 1, (aell 28] we
stimat ismchnriz shifts o be ey ATy = 113 002 e~ K™ an 0K
and B3 =02 on K " at ¥
iy a correspon
d resulix for the
jurapsof 13 K {grean lima, 20
From comparniscn wuh addit

27 msd 28},

Ature dapani
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g sccuracy in the HDW
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a picoscron
sampke is soawhat redaced o 3K
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LETTERS

Methane emissions from terrestrial plants under

aerobic conditions

Frank Keppler', John T. G. Hamilton®, Marc Brai '~ & Thomas Réckmann'”

Methane 15 an important greenhouse gas and 8 atmospheric
concentration bas almost tapled snce pre-industrial tmes'?, It
playsa central rabe i atmospheric oxidation chemistry and affects
atratospheric ozone and water vapour levels, Most of the methane
o natiiral sources in Earth's atmaosphere is thought 1o originate
from hiological processes in anoxic environments’. Here we
demonstrate using stable carbon isotopes that methane is readily
formed in ﬂlumknﬂnd@bmnh’mm: u:ullmnslvyl
hitherte uns i
i bath indact ﬂzﬁlnd&lﬂd]ummmddm
incuhation experiments in the laboratory and in the fiebd 1§ our
mesarrements are typical for short-lived biomass and saled
nulghlmlbﬂ.lis. we estimale lmzl:lumlnuu drength of
62-236Tg for living plants and 1-7 Tgyr™' for plant litter
il I.'1( ﬁrgl\*mapldmlhumniyduuﬁdnwmay
important implications for the ghobal methane bawdget and
m:y G]l for a recomsideration of the role of natural methane
soniroes in past climate change.

Methane (CH,) 3 the mest abundant organic bace gas in the
atmesplere |maxing ratin L8 ppom) and i important to both
troposphene and stratnspheric chemstry, Thernefore, the atmos-
pheric CH, budget has been intensively shldlﬁ.‘l over the past two
decadis wsing flux mensurements on sources’, global obéavation

networks' and glohal .ltmn.r11|w-ric madds*, In addition, stahle
r.1rhrm woiope vatios {'CMCH have been applied o ivestigate
sources and sinks of atmospheric CH, (refs 7, 8], Although uncer-
tainties in the estimates of individual source strengihs are large
{ = MO T, it is genevally thought that all major sources, including
wetlands, animals, rice cultvation, hiomass burning and fossil fued
production, have been identifed and sum up to 2 glohal source
strength of 600 Tgyr " (refs 1, 2). Howewer, significantly elevated
JH, mixing ratios were recently ohserved in tropical regions ahove
evergreen <" indicating an additional tropical source of 3
T ever the time period of the imeestigation { Mercemnber b,
which could not be explained within the currently accepted global
busdget of CH,.

Folloneing our observations of non-enzymic production of metlwl
halides from senwescent plants and leaf Hieter"™", we investigated the
peessibility of methane formation by plant material, A lage set of
Izhoratory experiments using freshly collected and dried plant
miaterizl —including tree and grass leaves from C, and O plant
categories—were comducted, in which CH, release mates and stable
carbon isotope composition (8'*C values) of emissions were
mwasured under controlled comditions (see Methods). Whercas
CH, emissions were difficult to quantify for samples incubated in
ambient zir owing to the high atmespheric background levels of
CH,, production was dearly cvident when samples wene incubated in
CH,-free aiv. Brnission rates typically ranged from 0.2 to Sng per g
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iy waeighit) h" &t 30°C (see Supplementary Table S1). Rebease
of CH, wist very femperature sensitive—concenmeations appng-
mately doubled with every 10°C incresse over the ragge 30-707C
1Fig. la), suggesting & ner-eneyrmic rather than an enmme-mediated
procese. 87C of the emitted CH; ranged from —51.8% 1o
684 (mean = —58.1%s r=61) and —45.9%s 1o —53.1
{mean = —49.5%e, 1= 13) for O and C; plants, respectively. The
mianvaluwedetermimed for C, plant emisaons is comparable wath the
average &' C value for CH, ermitted from wetlands and rice paddies
(approgimately —60%; ref. 8] and ths would be generally negarded
as an indicatim for biological production by anaerchic bacteria,
Frven though thas possihility was remote simee most of our exper-
arneerits were peerfonmsed under aerobic conditions, we messued CH,
prodisction by leaf time sterhized with ~-radiation {Fg. 1h, ¢} Mo
significant difference, either in emission rates or 5°C values of the
crmssions, was noted between sterilzoed and non-stertlized samples,
thus further excduding microbal activity a5 the CH, source and
clearly meicating the existena: of 2 hitherto unknon pathway for
CH, produsction i leal e
Having established CH, production by detached leal tisae, we
ariestigated the pesshility of CH, formaton by mitact plants, wing
incuhatiom chambers in the laboratore and in the field (see
Methods). CH, formation was observed for all plant species inves-
tigated, with release rates ranging from 12 0 370ng per g 1d
ngdﬂ:l h!, thas one to o r%lrl‘lﬂs"rs of magnitude I\ié‘kl'r rhﬁn H?n:
emissions from detached leaf material. Purthu'rmnn' emission rafes.
were found to increase dramatically, factorof % '!\.upm 87ing
per g {dry weight} b "), when c||.1m were exposed o natural
sunlight, an effect alsn observed with de ra.dnd leaf tissue (see
Supp%rm-nhry Information). As can be seen from Fg. 2, CH,
comcentrations increased contimaously when plants were |nc||]:|.1k¥‘|
in chambers at ambient femperatures. We conducted maost lahora
inry chamber experiments. in a CH, -free air atmosphers where, in
addition tn concentration measurements, rebiable 5''C measure
mients were also recorded when CH, concentratioms in the chamber
were ahove 40 pph. (Fig. 2b-d). 5" °C values were in the range of
48%s tn —55.5%a [mean = —52%n, n = 28} and —45 to —47%n
{rean = —46.5%s, 0 = 11} for C, and O, plants, respectively, Our
experiments were performed in a well drculated atmesphere con-
taining —MMe oxygen, so it was unlikely that the ohsered CH,
production could have been mediated by anaerobic acetate fenmen-
tation or $0y reduction, since obligate anserobes metabolize onby
wnder amendc conditioms at rede keveds Fy, < - 200m\
Mevertheless, we conducted o series of experiments that have
enablad us to unequivecally demonstrate s sive formation of CH,
in plants, First, we coukd not detect any differences in either the
emission rates or the 3''C values for CH, produced by plants of the
e species that were grenm hydroponically o on soil. Second, since
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