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than it would be if the ocean circulation 
remained constant ( — 139 Pg C in 2 X 
C 0 2 simulation and - 4 9 7 Pg C in the 4 X 
C 0 2 simulation), and it has an uncertain­
ty of plus or minus several hundred peta-
grams because of our limited understand­
ing of the biological response. 

REFERENCES AND NOTES 

1. K. P. Shine, Y. Fouquart, V. Ramaswamy, S. Sol­
omon, J. Srinivasan, in Climate Change 1994, J. T. 
Houghton etai, Eds. (Cambridge Univ. Press, Cam­
bridge, 1995), pp. 161-203. 

2. I. G. Enting, T. M. L. Wigley, M. Heimann, Assess­
ment of the IPCC C02 Modelling Study (Division of 
Atmospheric Research, Commonwealth Scientific 
and Industrial Research Organisation, Aspendale, 
Victoria, Australia, 1994). 

3. J. L. Sarmiento, C. Le Quere, S. W. Pacala, Global 
Biogeochem. Cycles 9, 121 (1995). 

4. D. Schimel et al., in (7), pp. 35-71. 
5. S. Manabe and R. J. Stouffer, Nature 364, 215 

(1993). 
6. J. Clim. 7, 5 (1994). 
7. The atmospheric and oceanic models have a lati­

tudinal spacing of 4.5°, and the longitudinal spac­
ing is 3.75° in the oceanic model and 7.5° in the 
atmospheric model. The ocean has 12 vertical lev­
els, and the atmosphere has nine. Simple models 
of sea ice and terrestrial heat and water budgets 
are also incorporated. The two GCMs were initial­
ized independently using seasonal solar insolation 
and observed ocean surface temperature and sa­
linity to force them until a steady-state was 
achieved. We minimized the drift that occurs upon 
coupling the models by adjusting the fluxes of heat 
and water by an amount that varied with region and 
season but remained constant throughout the 
global warming scenarios [S. Manabe, R. J. 
Stouffer, M. J. Spelman, K. Bryan, J. Clim. 4, 785 
(1991)]. 

8. J. T. Houghton, G. J. Jenkins, J. J. Ephraums, Eds., 
Climate Change, The IPCC Scientific Assessment 
(Cambridge Univ. Press, New York, 1990). 

9. L. D. D. Harvey, J. Geophys. Res. 99, 18447 (1994). 
10. S. Manabe and R. Stouffer, personal communication. 
11. All solubility model simulations were carried out 

using the full coupled ocean-atmosphere model. 
The carbon chemistry was modeled using previ­
ously described techniques (79). The air-sea flux of 
C02 was calculated using a wind-speed-depen­
dent gas exchange coefficient [R. Wanninkhof, J. 
Geophys. Res. 97, 7373 (1992)] multiplied by the 
air-sea C02 difference. The partial pressure of C02 

in the atmosphere (pC02) was specified according 
to the curves in Fig. 1 A. We calculated the surface 
ocean pC02 by solving the full carbon chemistry 
equations, which required specification of the tem­
perature, salinity, alkalinity, and total carbon con­
tent of the ocean. The temperature and salinity 
were obtained from the models. The alkalinity was 
modeled in the same way as salinity, with the global 
mean alkalinity initialized to the observed value. The 
initial total carbon distribution for the C02 uptake 
simulations was obtained in an ocean-only model 
by fixing atmospheric pC02 at 300 ppm and allow­
ing it to invade the ocean until the ocean was in 
equilibrium with the atmosphere, that is, the global 
air-sea flux was zero. 

12. The initial condition for the OBM was obtained with 
the use of an ocean-only model. Formation of or­
ganic matter in the surface ocean was determined 
by forcing the seasonal model surface phosphate 
toward the observed annual mean phosphate dis­
tribution (seasonal data coverage is poor) with a 
100-day time scale. Organic carbon formation was 
calculated using an organic matter C:P ratio of 120. 
Half of the organic matter formed at the surface 
was put into particulate matter that is exported to 
the deep ocean and remineralized instantaneously, 
following a scaling obtained from sediment-trap 

observations [J. H. Martin, G. A. Knauer, D. M. Karl, 
W. W. Broenkow, Deep-Sea Res. 34, 267 (1987)]. 
The other half was put into a semilabile dissolved 
organic carbon pool that decays to inorganic car­
bon with a mean life of 11.3 years, obtained by 
requiring that the total semilabile dissolved organic 
carbon pool remained fixed at its observed value 
(79). The cycling of CaC03 was calculated by forc­
ing the horizontally averaged alkalinity profile to­
ward the observed values, after first normalizing 
both the model and observations to a constant 
salinity and correcting them for the effect of nitrate 
cycling. The resulting fits of the model to the annual 
mean nutrient, carbon, and alkalinity data are very 
good, and the model has a realistic regional distri­
bution of annual mean air-sea fluxes. The 100-day 
forcing time scale used to predict surface produc­
tion of organic matter permits seasonal fluctuations 
to occur. However, because we used annual mean 
phosphate observations to determine the new pro­
duction, the seasonal phosphate and C02 fluctua­
tions do not agree very well with seasonal obser­
vations in the few regions where such data are 
available. 

13. E. Maier-Reimer, U. Mikolajewicz, A. Winguth, Clim. 
Dyn. 12,711 (1996). 

14. J. L. Sarmiento and J. R. Toggweiler, Nature 308, 
621 (1984). 

15. J. L. Sarmiento and J. C. Orr, Limnol. Oceanogr. 36, 
1928(1991). 

16. S. W. Chisholm and F. M. M. Morel, Eds., ibid., pp. 
1507-1965. 

17. A. Neftel, H. Oeschger, J. Schwander, B. Stauffer, R. 
Zumbrunn, Nature 295, 220 (1982); D. Raynaud et 
al., Science 259, 926 (1993). 

18. R. A. Berner, Am. J. Sci. 294, 56 (1994). 
19. J. L. Sarmiento, R. Murnane, C. Le Quere, Philos. 

Trans. R. Soc. London 348, 211 (1995). 
20. We thank R. Stouffer for assisting us in implementing 

the coupled model, and both him and S. Manabe for 
their enthusiastic support and comments on the 
manuscript. The carbon cycle model was developed 
by R. Murnane, and both he and R. Slater provided 
important help interpreting the results. R. Togg­
weiler, D. Baker, and D. Harvey provided helpful 
comments on the manuscript. T. Hughes helped 
analyze the results. We thank J. Mahlman for his 
comments and the support that the NOAA Geo­
physical Fluid Dynamics Laboratory has provided for 
our research over a period of many years through the 
ocean group headed by R. Toggweiler. Additional 
support was provided by grants from the NOAA Of­
fice of Global Programs, the National Science Foun­
dation, and the Department of Energy. 

24 July 1996; accepted 11 October 1996 

Red-Emitting Semiconductor 
Quantum Dot Lasers 

S. Fafard,* K. Hinzer, S. Raymond, M. Dion, J. McCaffrey, 
Y. Feng, S. Charbonneau 

Visible-stimulated emission in a semiconductor quantum dot (QD) laser structure has 
been demonstrated. Red-emitting, self-assembled QDs of highly strained InAIAs have 
been grown by molecular beam epitaxy on a GaAs substrate. Carriers injected electrically 
from the doped regions of a separate confinement heterostructure thermalized efficiently 
into the zero-dimensional QD states, and stimulated emission at —707 nanometers was 
observed at 77 kelvin with a threshold current of 175 milliamperes for a 60-micrometer 
by 400-micrometer broad area laser. An external efficiency of ~8.5 percent at low 
temperature and a peak power greater than 200 milliwatts demonstrate the good size 
distribution and high gain in these high-quality QDs. 

Oemiconductor quantum well laser diodes 
based on two-dimensional density of states 
are technologically important because of 
their high power, high efficiency, and 
wide tunability (I) . Recently, a break­
through in nano-optics research has per­
mitted the direct growth of semiconductor 
QDs (2, 3). These QDs have discrete zero-
dimensional (OD) energy levels and can be 
thought of as artificial atoms (4-16). In 
much the way water vapor condenses into 
droplets on a piece of glass, in the Stran-
ski-Krastanow growth mode during the 
molecular beam epitaxy (MBE) of highly 
strained material, small defect-free islands 
of uniform size form. If a low band gap 
semiconductor is embedded in higher 
band gap material, quantum confinement 
in all three directions results. This spon-
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taneous island formation has been exploit­
ed to produce self-assembled QDs with a 
variety of III-V semiconductors. 

For most materials studied, emission 
from self-assembled QDs is in the infrared 
(IR), but radiative recombination in the 
red part of the visible spectrum has also 
been achieved (4, 10). These high-quality 
nanostructures feature a variety of inter­
esting properties such as extremely sharp 
homogeneous linewidths (4, 5, 7, 10, 14), 
invariant lifetimes and linewidths for tem­
peratures up to the onset of the thermi­
onic emission (14) state-filling and excit­
ed-state emission (6, 8, 12, 13, 16), and 
distinctive carrier dynamics and phonon 
interactions (8, 15). Moreover, the one-
step in situ fabrication process of these 
self-assembled QDs makes them techno­
logically compatible with current device 
structures. 

Theory predicts that QD laser struc­
tures should have higher gain, lower 
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threshold currents, and a weaker temper- 
ature dependence compared with quantum 
wells. However, more severe energy and 
momentum conservation rules are im- 
posed by the atomic-like density of states, 
so carrier iniection and thermalization 
toward the lower states could be less effi- 
cient. Carrier relaxation toward the 
ground states occurs predominantly be- 
tween levels that are separated by only a 
few millielectron volts, through longitudi- 
nal acoustic phonon emission, or at ener- 
eies within a few millielectron volts of the - 
longitudinal optical phonon energy. At 
hieher carrier concentrations. relaxation - 
by Coulomb scattering through an Auger- 
like process has also been considered to 
play a significant role in the thermaliza- 
tion process (1 7). This relaxation mecha- 
nism is expected to be efficient for dense 
electron-hole plasmas that are generally 
present under lasing conditions in semi- 
conductor lasers. Such thermalization pro- 
cesses could therefore be particularly im- 
portant for small QDs in which the pho- 
non scattering rates might be lower be- 
cause of the greater intersublevel spacing 
between the electron or the hole states. 
For these reasons, structures with QDs 
have generated interest as a new class of 
artificiallv structured materials with tun- 
able energies (by varying the composi- 
tions, sizes, and strain of the dots) that are 
ideal for use in laser structures. 

Very recently, InGaAs has been used to 
produce IR-emitting QD lasers (1 8-21 ). For 
applications requiring shorter wavelengths, 
emission in the red can be obtained bv use of 
a higher band gap material such as 1klAs.  
Short-wavelength laser diodes present addi- 
tional challenges because the available con- 
finement potential between the barriers in 
the active region and the doped contact 
layers is reduced. We demonstrate here that 
red-stimulated emission can be obtained 
from self-assembled QDs grown in a laser 
diode cavitv. The role of carrier iniection in 
achieving this result is also investigated. 

The samples were grown by MBE on an 
n-doped GaAs(100) substrate. The Stran- 
ski-Krastanow growth mode was used to 
produce one layer of QDs in the active 
region of a separate confinement hetero- 
structure (Fig. 1, A and B). The structure 
consists of a thick (-2 pm) n+ 
A10,33Gao,7As contact layer, an 
Ab,,,Ga0.,&s bottom cladding layer with a 
lower doping and smaller band gap, and the 
active region. The active region is made of 
a 16-nm undoped Ab,,5Gao~75As on each 
side of the QD layer, which consisted of 4.5 
monolayers (ML) of Ino,,A10,6As grown at 
530°C. The symmetric step-graded cladding 
and contact layers with p-doping terminate 
the structure with a p+ GaAs cap. A cross- 

sectional transmission electron micrograph 
(TEM) of the active region (Fig. 1C) re- 
veals a relatively high density of InAlAs 
islands of rounded shape, with a base diam- 
eter of -20 nm and a thickness of -6.3 + 
1.0 nm. The morphology is therefore com- 
parable to what has been obtained with 
other similar self-assembled QDs (1 0). 

The TEM micrograph sh~ws  that the 
growth front returns to a planar mode after 
only a few nanometers of Alo,25Gq,75As 
above the QDs to produce an atomically 
flat interface at the upper Alo,25Gq.75As/ 
Ab,,Ga0~,&s heterojunction. The p-i-n 
structure was ~rocessed into a broad area 
laser with two cleaved uncoated facets to 
form a laser cavity 400 pm in length, with 
a metallization width of 60 pm. Ohmic 
contacts were formed on the n+ and p+ 
sides. Under forward bias, as depicted in Fig. 
1, A and B, electrons and holes are injected 
into the QD active region, which results in 
electroluminescence (EL) or, at high cur- 
rents, lasing emission (that is, spontaneous 

Fig. 1. Schematic view of (A) the geometly and (B) 
diagram of the conduction band (CB) and valence 
band (VB) of a broad area laser diode based on 
self-assembled semiconductor QDs. The metal- 
ization on top of the 400-pm-long cavity is 60 pm 
wide. The electrons (-) and holes (+) are injected 
in the active region with a forward voltage (V) and 
current (I). (C) TEM cross-sectional view of the 
active region, which reveals the Alo,,lnO,,As QDs 
(dark) at the center of the AI0,,,Ga,,,~s (pale), 
and with the AIo~,5G~~75As/AIo~3Ga,,7As interfac- 
es (line above and below). 

and stimulated emission, respectively). 
At 77 K, for very low injection currents, 

the EL emission is centered at a wavelength 
A = 725 nm (1.710 eV) with a Gaussian line 
shape of -60 meV at its full width at half 
maximum (FWHM). This spectrum is simi- 
lar to the photoluminescence (PL) spectrum 
(not shown) obtained with nominally equiv- 
alent QDs grown in a n-i-n structure de- 
signed for a separate optical investigation. It 
is also comparable to the PL spectra obtained 
with self-assembled QDs displaying efficient 
~hotocarrier thermalization and no observ- 
able excited-state emission at low excitation 
intensity. The inhomogeneously broadened 
Gaussian EL line shape is therefore attribut- 
ed to the emission from injected carriers 
thermalized in the statistically distributed 
ground states of the probed QD, which vary 
in energy because of small variations in size, 
composition, and strain. If we assume a QD 
coverage of -50% of the plane (which is 
roughly that estimated from the TEM cross 
section). the number of QDs into which , , - 
carriers are injected is about -lo7. 

With such a large ensemble, it is not 
possible to observe the very sharp homoge- 
neous EL emission line of each individual 
QD (4). To reveal the intrinsic sharpness of 
the emission from each QD, we gated the 
structure with an opaque electrode with a 
small (a few square micrometers) opening 
in its center. The detected EL, which orig- 
inates from a much smaller number of QDs, 
is shown in Fig. 2 for various applied volt- 
ages. As observed, a number of sharp spec- 
tral features of similar amplitude appear 
with FWHM ranging from 200 to 500 peV. 
Each sharp feature corresponds to the EL of 
a few QDs emitting at similar wavelengths. 
This demonstrates the OD-nature of the 
energy levels in which the electrically in- 

Fig. 2. Low-temperature (4.2 K) EL spectra ob- 
tained at various applied voltages on the QD laser 
sample gated with an opaque electrode having an 
opening of a few square micrometers that is used 
to delineate the number of QDs probed. The sharp 
emission lines reveal the discrete nature of density 
of states of the individual QDs. 
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call>- ( 6 ,  12. 1.3, 16). Furthermore, the slcle 

obser1.eci a t  A = 724 n m  ( 1  ,713 e\ ')  
~lncier las~llg co~-icl~tions (Fig. 113) matches 
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h t l l i ~ ~ ~ l ~ t e i i  elil~ssioll at 4 K tor an  injectii~n 
current r o ~ ~ ~ l l l y  tour tilnes greater than that 
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~ n c r e ~ e c i  tc> 1.5 -4 at 4 K, 111 a d c l ~ t ~ o n  to the 
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is -H.i0;,. This result ~ndicates tllat the intel- 



~n~ec te i l  c~lrrlers 11i~lst 17s e f f ~ c ~ s n t  liecause the 
QD cclverage IS at milst SL?"o anil, Iiec,iu\e of 
tlie inhumi>gsnecrus I ~ r u a i l e n ~ ~ ~ ~  of 617 me\', 
only a ~liiall fract~crn (e.r~mareil to be 5"o) uf 
tlis QL)s can emlt at the lailng energy. The  
thrc>h<)lil current i l s ~ ~ ~ i r \ -  u i  r l ~ e  QL3 l a w  
cliangeil l~trle I~erneen 4   nil 77 K lhur 111- 

el-eaieil il~11te rali1id1~ above i"i? K. T h ~ i  iie- 
crease 111' the ~ i )  l a w  et'ticie11c~- at l ~ i g l ~ e r  
tenlperAture 1 i  111oqt l~kely due t ~ i  :I ~ ~ i l ~ i ( > p t ~ -  
m1:e11 laser clesig11. Ft~rr es,irnple, t l~ermal 
q~1enc1111ig of tlie PL 111 ~e l t ' - c~~~emble i l  QL)s I> 

~ ~ i u s e i l  liy t l ie~-il l~oll~c eill~s\iiln t-rt the carrier, 

al~ove the c u ~ i f ~ n i ~ ~ ~  harr~eri (14).  Tl~erefi-rrc, 
an  Increase in the ccintinemenr of the ~njecreil 
carrleri tli,ir have rherm~111:eiI 111 the OD? anc1 - 
111 the seyar,lte co~iii l le~lle~lr reilions c ) f  the 
structures \\-c~uld incre,iie the m a s i n i ~ ~ m  oper- 
ating temyel.,~r~~re. 

srraln ~ . a r i a t i~ ln>  r\-p~cal tor self-a\~ernl~leil 
QL>\ l i  not tcx l,irge to destroy rile i,pr~cal 
gain. \S71rh a 1,irqe entx1i.11 i1ens1t)- of seli- 
,i\sembleil QD,, tlie lliyller gall1 associatecl 
\\-1t11 the 11L> clells~tj ofst,ite\ c ( - r ~ l l l ~ ~ i i , ~ t e q  fi)r 
the unuseil QLJi li,i\r~ng 311 en i i s i~o~ i  energy 
i l ~ f k r e ~ l t  fl-0111 the sr1m~11,ireil ~ I I I I S ~ I ~ I I I  ener- 
.:\- that  1s supporteil 1'7. t11e la\uiq ca\,ir\-. Tlie 
6L?-me\~ b roa i l e l~ i~~g  m~qllr  rl~ereA>re a fk r  a 
\vlJer range of oytic,~l g~1111, a-l l~cll  c0~1li1 1 ~ e  
e\;~?lo~teil 111 the case of a r u ~ ~ a l ~ l e  l<iser illoile 
structure. S u c l ~  ,I ~ ~ n ~ t i ? r r n ~ t y  req~~iremenr  IS 

ea\llv , i c l ~ ~ s ~ ~ e c l  n ~ t h  the ipnnraneous ~slanLl- 
111~. H(~ln-el-er, bec,iu~e of the ~ i r o m ~ c  i l~men-  
?IOIIS ~ l iv~>l~-ecl ,  ~t 1s also 11n11kel~- that the 
l>reient ~ r l i ~ h r r n ~ t \ -  \\ill be m~rch  esceeileil. I t  

- 
Impruve the iu~~verqic-rn eff~c~elicy a t  single- 
la\-er QD l,iserq. Ho\vever, the yrc-rspect tit 
i ~ i c r e a s i ~ ~ q  the total n ~ ~ n i b e r  (of ,icti\-e QLJc  by 

c~t ~ r ~ l ~ f ~ > r m  QL>\ appears tc? Ire a p ron i~s~nv  
c ~ p p r ( ~ ~ i c l i  (19-22). 
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Chemiluminescence in the Agglomeration 
sf Metal Clusters 

L. Monig, I. Wabin, W. Schulze, G. Ertl* 

The agglomeration of copper or silver atoms in a matrix of noble gas atoms to form small 
clusters may be accompanied by the emission of visible light. Spectral analysis reveals 
the intermediate formation of electronically excited atoms and dimers as the source of 
the chemiluminescence. A mechanism is proposed, according to which the gain in 
binding energy upon cluster formation may even lead to the ejection of excited fragments 
as a result of unstable intermediate configurations. A similar concept was introduced in 
the field of nuclear reactions by Niels Bohr 60 years ago. 

ExcI t~lermlc  c I ~ e m ~ c a l  reaction\ 111~1)- l i t '  ~ l c -  
con lpan~eJ  13' cl~el i l~lul l l~l lesce~ice~ In rllese 
reactions, rile releaseil energy I.; nor ailia- 
1-,~rically ilc~mpeil into the lie,it Ii,1t11 of tlie 
S L I I - I - O L I I I L ~ I I I ~  ~ I I C ~ ~ I L I I I I  13~1r r c~r l i e~ -  is srored in 
,111 exc~red  srate of the proii~lct; Liecay from 
tl~i,< e s c ~ t e d  irate rc the gro~111i1 \t<Ite i': 
assoc~areil n-1t11 1 1 ~ l ~ r  e m i c s ~ i r ~ ~ .  111 rlie course 
of c)Llr ~~LILI Ic \  11ltO tl1e forlll<lt1(o11 of l l l~t<II 
C ~ L I G ~ ~ I - L ,  \ve il~scii\.ereii, ~ ~ ~ i i l s r  spec~t ic  coli- 
d ~ r ~ o n s ,  the  e ~ i ~ ~ s c i o ~ i  irf visible l ig l~t ,  as \\-ell 
as el-iiience tor r112 ~ I - O J L I C ~ ~ ~ I I  of electrcr~~- 
ical1)- exc~te i l  c ~ t i r ~ i ~ s  <inJ  ili111er>. 

T h e  ettect u-,is L1l.;covereil 111 .111 exper- 
iliie~lral arral1:emenr c o m p r ~ i ~ n e  ,I cluirer 
source 1311'e11 tern r l ~ e  gas agyregar~on tech- 
nlclue. Xlet:~l atoms tlierm,illv ev,il~orateil 
11-on1 a K11uJ\e11 cell ,ire t~-a~~.;l?t~rrteit 1.y a 
\rream o i  110171e gas into a n~rc l ea r io~ l  zone, 
\v l~ere  c o o l ~ n g  of the  ?a; \rream 177 the  
~ ( r l i l  \\-;1Ilq le,~J,< to  l i c ~ m c ~ g e l i e u ~ ~ i  n ~ ~ c l e -  
lition d ~ i i i  g r o ~ ~ t l i  o t  clr~srers. Tlie cluster 
sile i i i . ; t r ~ l ~ ~ ~ t l o n  can be vC~r1cd from 1 
(illmeri) to al?uut 12' a t i>~l ls  per clu.rer (1  ) 
b\- cha11g111~ the  e s p e r ~ ~ l i e ~ l t a l  c ~ ) ~ i ~ l i t l o ~ ~ s .  
T h e  cluster> leaving tlie source ri>gerlle~- 

-1-1-r-tabel-Instl-L t der Ma\-Faick-Geselscliaf. =ara- 
:.a: .,:eg 4-6 1DaI-~leti-) C-141 95 B e ~ l i ,  Ger;ra,i: 

\\-it11 1,irye ~ l u , i n t ~ t ~ e s  of the  cal-rler :as can 
t ~ e  s~~h jec re i l  t o  various experiments ani1 
are e\ ,ent~lally rrappccl ~t t he  walls ( ~ f  a 
c r j ~ > p ~ ~ n p  cc~c~led hy liquicl I-Ie, ~ v h e r e  a 
cl~rsrer-iloyeil nohie q,is matrix IS ior~ueci 
at  l?lvh deposltlon rate<. 

In the c u u r e  c ) f  s~1cl1 experilnellts wit11 
~m, i l l  clusters of C u ,  Ag, c-rr ALI, the emis- 
i ion of l~yl i t  tr;1.(1m tlie growing layer\ was 
1-isually ohser~red ulicler \yeci f~c  cc,~lilitii>ns. 
Tlie i ~ ~ t e n s i r y  ileyenilecl (In lilarrix temper- 
ature anil mer,il c o ~ ~ c e ~ ~ r r ~ ~ t ~ ~ ) n .  

Tt-r \tuily rliese effects 111 i le ta~l ,  n e  mod- 
~ t ~ e t l  tlle cluster source to ,111ow r l ~ e  forma- 
t ~ o n  uf marrice\ tern a qu,lrr: n i n d o ~ v  of a 
sryostat ~ v ~ t h  an  unus~lally h ~ g h  ga\ ilepo,s~- 
tion rate (about lL?" atoms s p '  cmp'! and 
\v~t l i  ,i gas-to-metal ratio esceed111g 5CL?L?. 
Tlie gro~vrh rate of the liiatrlx was about 1 
cnl h o ~ r r ~ ' ,  so rli,~t rather r111zk layers nere  
f(,rmeil. A L  a consequence, tlie gas 10s. due 
to re-ev,ip~ir~~tii , l i  was negliqihle during 
i\-arm-rly e x y e r ~ m e ~ i t \ ,  even at  511 I<. UnLler 
r l~ese  ~qieratlng conciltlolis, mainly  t tom\ 

anLl illmess al-e yroduced by the  cluster 
iiTurce. Tlie e~l i~rre i l  Ilghr \vas a11aly;ed hy a 
monochroil~ator c o ~ ~ ~ i l e i l  to ,I CCL> (charge- 
C ~ L I I ~ ~ C C I  J C ~ I C C )  detector sy\tem. Poss~ble 
~ n f l ~ ~ e n c e s  sytrrlous et'tects \yere carehrlly 
checl;eLl: \Ye e l i~n i~~arec l  the posslbiliry ot 
energy supply 1~y e1ecrrc)ns or ~ o n s  from the 
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