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Th e use of li ght ions for mi crosco py and tomography is illus trated by
a variety of recent applic atio ns in materials and lif e sciences at the Leip zig
high -energy ion- nanopro be L IPSI ON w ith a short comparison to other micro-
scopic techni ques. T he versatility of ion techniques is exempli Ùed by Ruther-

ford backscattering spectrometry maps of thin Ùlms of solar cell materials ,
particle induced X -ray emission maps of manganese in ancient human b ones,
particle induced X -ray emission on single aerosol particles w ith ñ m size, and

scanning transmissio n ion microscopy and tomography on pigs knee carti-
lage. Finall y , the design of a single ion single livin g cell bombardment facility
is sketched for studies of the cellular resp onse and micro dosimetry .

PACS numb ers: 41.75.A k, 72.20.My , 29.30.K v

1. I n t rod uct io n

The resoluti on of conventi onal opti cal microscopy is l imited by the photo n
wa vel ength around 1 ñ m. Photo ns do not penetra te into the sampl e unl ess i t hap-
pens to be tra nsparent. The contra st is pro vi ded by the wavel ength- dependence of
the absorbance/ reÛectivi ty . There is \ chemical bl indness" , i .e. the chemical con-
sti tuti on is not obta ined by opti cal microscopy. A natura l extensi on is the use of
X- rays, pref erabl y obta ined from synchro tro n sources wi th a tuna ble wa velength.
Such X- ray m icroscopes wi th resoluti ons in the order of 100 nm becam e feasible
thro ugh the recent pro gress in X- ray opti c devi ces. The penetra ti on of X-rays is
good, the general ly poor contra st due to absorpti on can be outwei ghted by trem en-
dous accuracy and, above al l, by com pari ng images below and above absorpti on
edges. In thi s way, the \ chemical bl indness" is overcom e at the expense of sequen-
ti al im aging at vari ous wa velength. In pri nci ple, a ful l near edge and extended
X- ray absorpti on Ùne structure (N EXAFS, EXAFS) spectrum coul d be recorded
at each pixel thus al lowi ng \ chemical speciati on" . Drawba cks thus far are the large
exp erimenta l ẽ o rt and the lack of tuna ble X-ray lenses.
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Using m assive charged parti cl es l ike electrons overcom es several of these di f-
Ùcul ti es. The opti cal elements in electron m icroscopes are very advanced and rel y
on electrom agneti c intera cti ons of charged parti cles in vacuum . At su£ cientl y high
energy the de Bro glie wa velength is short enough to allow for ato m ic resoluti on.
Hi gh energy electrons do penetra te into the sam ple, but thei r latera l stra ggl ing
is severe and ul tra thi n sam ples are requi red for ul tra hi gh resoluti on. Thus, to m o-
graphy is not rea lly feasibl e wi th electrons. The exci ta ti on of characteri sti c X- rays
pro vi des chemical sensiti vi ty | simulta neously for pra cti cal ly al l elements! A di s-
adv anta ge is the large Brem sstra hlungs background whi ch impai rs the detecti on
l im its. The use of even heavi er parti cles l ike proto ns pro vi des good penetrati on,
smal l latera l straggl ing com pared to electrons, and chemical sensiti vi ty wi th very
low detecti on l imits due to the low Brem sstrahl ungs background. These are the
m ain reasons to devel op ion microscopy and to m ography despite the f act tha t
the generati on of MeV proto n beam s is slightl y m ore expensive tha n the gener-
ati on of MeV electron beam s, true also for ion opti cal devi ces, and despite the
fact tha t beam di ameters below 1 ñ m are di £ cul t to achi eve. The wo rld record
for the smal lest 2 MeV proto n beam is at 40 nm diam eter held by the Leipzi g
hi gh-energy ion-nanoprobe LIPSI ON [1], sti l l far above ato m ic resoluti on. How-
ever, i t is the versati li ty of the ion beam techni ques whi ch renders ion microscopy
and to mography an invaluable to ol .

2 . Io n b eam t ec hni qu es, m icr osco p y, an d t om ograp hy

R ather tha n to give an intro ducti on to al l possible ion beam techni ques the
reader is referred to the fol lowing books: Mat er ials Analysis using a Nucl ear Mi cro-
probe by Breese et al . [2], A pplications of N uclear Mi croprob es in t he Li fe Sciences
by Ll abador and Mo retto [3], and Par ti cle In duced X-Ray Emi ssion Spect roscopy
(PIX E) by Johansson et al . [4]. For the present purp ose i t su£ cesto i l lustra te and
di scuss the m ost importa nt techni ques shown in Fi g. 1 wi th parti cul ar emphasis
on scanned ion beams in order to pro duce im ages as shown in Fi g. 2.

R B S : Rutherf ord backscatteri ng spectro metry rel ies on the elastic scatteri ng
of l ight ions like pro tons or alpha parti cles from ta rget ato m s.The ions lose energy
due to elasti c col l isions duri ng thei r tra ck into the sampl e and on the way out.
The energy loss is measured and depends on the m ass density of the ta rget and
on ki nemati cs. Depth sensiti vi ty is obta ined vi a the stoppi ng power of the ta rget
m ateri al . R BS maps are ideal ly suited for the inv estigati on of the com positi on and
hom ogeneity of the thi ckness of thi n Ùlm s.

E R D A : elastic recoi l detecti on analysis rel ies on the detecti on of matri x
ato m s recoi l ing after ion col l isions rather tha n detecti ng backscattered pro jecti les
l ike in RBS. Thus using dE =dx and E -detecto rs a simul ta neous m ul ti element anal -
ysis is possibl e. The special case of proto ns as pro jecti les and proto ns (hydro gen)
in the ta rget as ejecti les o˜ers the advanta ge of coinci dence detecti on of both
parti cl es under 90 degrees, i.e. wi th very low background.
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Fig. 1. Survey over common ion beam techniques show ing pro j ectile, target atom (nu-

cleus and electrons ), ejectiles, and radiation.

Fig. 2. Principl e of ion microscopy and tomography .

P I X E : parti cle induced X- ray emission rel ies on the m easurem ent of char-
acteri stic X- rays exci ted by parti cl e bombardm ent of ato m s. A sim ul ta neous m ul-
ti element analysis is possibl e whi ch is essential ly standard- free. D etecti on l imi ts in
the 0 : 5 ñ g/ g range are possible. PIXE- m aps are an indi spensible to ol for the in-
vesti gati on of latera l inhom ogeneiti es of sto ichiom etri es. Unf ortuna tel y, the depth
resoluti on is poor and | even worse | the inf orm atio n depth is energy dependent
due to the absorpti on of soft X- rays in the ta rget. Theref ore, a com binatio n of RBS,
scanning tra nsmission ion m icro scopy (STIM) and PIXE is often the stra teg y of
choice.

P I G E a n d N R A : parti cle induced gam ma emission and nucl ear reacti on
analysis rely on the observati on of characteri sti c Û- rays and parti cles, respectively,
emi tted f rom unstabl e nucl ei or ejecti les pro duced in nucl ear reacti ons. These
techni ques are parti cul arly useful f or thresho ld or narro w resonance reacti ons ad-
dressing a speciÙc reacti on at a ti m e. Isoto pe speciÙc im ages are obta ined.

S T I M : scanni ng tra nsmission ion m icroscopy rel ies on the m easurement of
the energy of ions tra nsmi tted thro ugh the sam ple. Co ntra ry to al l other techni ques
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di scussed here there are no reacti on cross-secti ons inv olv ed in thi s techni ques and
every sing leparti clecan be detected wi th nearl y 100% e£ ci ency. Thus 5{ 7 parti cles
per pi xel are usual ly su£ cient to obta in good quali t y images. Ma ss-density pro-
jecti ons are generated in thi s way. If the sam ple is rota ted in front of the scanned
beam , a series of pro jecti ons is obta ined from whi ch the 3-di mensional image can
be reconstructe d. A standard algori thm is the Ùltered Radon-backprojecti on.

I L : ionolum inescenceis related to the wel l -known catho dolum inescence.W i th
m odern ul tra sensiti ve wa vel ength- sensiti ve detecti on devi ces l ight emi tted under
ion bom bardm ent can be used to detect tra ce elements in speciÙc chemical com -
pounds. However, quanti tativ e analysis is di£ cul t because there are m any | of-
ten unkno wn | mechanisms whi ch acti vate or quench l ight emission and spectra l
bands are often wi de and overl appi ng.

S E I : secondary electron imaging rel ies on the detecti on of secondary elec-
tro ns ejected under ion bom bardm ent. The yi eld depends on the m ateri al and
on the surface properti es. Mo rpho logical im ages are obta ined easily but are not
always easy to interpret.

Sum ming up, there are two categori esof ion beam techni ques: \ hi gh-current"
techni ques l ike R BS, PIXE, PIG E, IL, SEI wi th typi cal currents in the range of
10{ 100 pA where radi ati on dam age, parti cul arl y f or bi ological sam ples, is an issue
to be consi dered; \ low- current" techni ques l ike STIM or tom ography wi th typi cal
currents of the order of a few fA (or a countra te in the detecto r of several kHz for
sing ly charged ions).

An importa nt fact to m entio n is tha t the size of the beam spot in the l im it
of a small conv ergence angle is pro porti onal to the square root of the spread in the
beam energy and the chrom ati c aberrati on coe£ ci ent of the lens system and to the
fourth root of the emitta nce [5]. W hereas the Ùrst two quanti ti escan be opti m ized
in the accelerato r and lens designs, there is less freedom in opti mizi ng the latter.
The emi tta nce is pro porti onal to the beam current divi ded by the bri ghtness. Since
the reduced bri ghtness, i .e. the bri ghtness divi ded by the ion energy, is l im i ted by
the ion source, the only wa y to achieve ul tra -high resoluti on is by reduci ng the
beam current drasti cal ly.

The Leipzi g hi gh-energy ion-nanoprobe LIPSION (\ l ipsia" is the lati n |
and i ta lian | word for l inden tree where the nam e Leipzi g came from , and \ ion"
is self-expl anato ry) was designed to achieve ul tra -hi gh resoluti on far below tha t of
conventio nal opti cal microscopes, an indi spensibl e requi site f or keeping pace wi th
the rapi dly developi ng X- ray m icroscopes. A 3.5 MV ul tra -stable SING LETR ON
by hi gh vol ta ge electri cal engineering (HVEE) wi th an R F ion source for proto ns
and alphas is coupled to a Mel bourne nucl ear micro probe wi th a spl i t Russian
quadrupl et wi th a demagni Ùcati on in x and y of 130. The ri ppl e is below 30 Vpp

at 2.25 MV, the vo lta ge and analysing m agnet stabi l i ty are better tha n 1 0 À 5 and
great care wa s ta ken to reduce mechanica l vi brati ons as m uch as possibl e. Up to
now we have achieved about 300 nm latera l resoluti on for PIXE and about 80 nm
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Fig. 3. Scan of ion beam over atomicall y sharp In GaP /GaA s semiconductor edge in

ST IM- mode show ing beam diameter of 40 nm.

for STIM. In fact, the beam diam eter is 40 nm only, as m easured by a l ine scan over
an ato m ical ly sharp semiconducto r edge (see Fi g. 3). At present, quasi-stati onary
m agneti c stray Ùelds deteri orate the resoluti on. W e hope to achi eve STIM im ages
wi th a resoluti on better tha n 40 nm usi ng an acti ve com pensati on of the stra y
Ùelds in the near future.

3. Exam p les

In the fol lowing section a few typi cal exam ples of recent acti vi ti es at
LIPSION are given to i l lustra te the power of ion m icroscopy and to mography.
Thi s is a rather narro w vi ew and the reader is referred to the revi ew books [2{ 4]
for a broad overvi ew.

3.1. T hin Ùlms of Zn 2 À 2 x Cux In x S2

Thi n Ùlm s of Zn2 À 2 x Cux In x S2 , a prom ising solar cell materi al , were pro duced
on vari ous substra tes by pul sed laser depositi on (PLD ). The f ol lowi ng f undam en-
ta l questions arise: (i ) does the ta rget sto ichi ometry tra nslate to the thi n Ùlm
and, i f so, how is the hom ogeneity ? (i i ) is the Ùlm thi ckness homogeneous? (i i i )
wha t is the morphology (gra in size, texture etc.)? (iv) wha t are the latera l ly re-
solved electri cal pro perti es? The last question can be answered e£ cientl y by ion
beam induced charge collecti on (IBIC) on conta cted Ùlm s, pref erabl y also in a
ti m e-resolved m ode [6]. An IBIC- faci li ty is presentl y under constructi on at LIP-
SION. The m orpho logy is usual ly studi ed by X- ray di ˜ra cti on and hi gh resoluti on
electron m icroscopy (HR EM). T o answer the Ùrst tw o questi ons RBS and PIXE are
the m ethods of choice. In Fi g. 4 (to p left) a 41 ñ m È 41 ñ m 2 MeV alpha-RBS-m ap
is shown for a thi n Ùlm wi th a nominal thi ckness of about 200 nm . Ob vi ousl y, the
m ap looks rather inho mogeneous. Thi s could be either due to inhomogeneiti es in
the stoichi ometry or due to a vari able Ùlm thi ckness. On the right, the \ broad
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Fig. 4. A lpha- RBS- map (lef t top) of a thin Ùlm of Zn 2 À 2 x Cux Inx S2 show ing a rather in-

homogeneous pattern ; right: RBS spectrum of this area, called \sum spectrum " (dashed)

and the area selected as show n in the lef t b ottom map (solid).

Ùeld" R BS-spectrum is shown whi ch is calcul ated from the map as the \ sum spec-
trum " . Thi s alone would be rather di £ cul t to interpret: the indi vi dual layers of
In and Cu/ Zn (whi ch canno t be separated) are clearl y vi sible (accordi ng to Z

from ri ght to left) but there is substa nti al intensi ty in between the In- region and
the Cu/ Zn- region where there shoul d be none. The same holds true for the gap
between the Cu/ Zn- reg ion and the S-onset. It is now possible | l ike in a j igsaw
puzzl e | to cut out regions whi ch look relati vely homogeneous (see Fi g. 4 left
botto m) and display the RBS-spectrum of thi s area alone. Thi s results in a much
im pro ved spectrum from whi ch the thi ckness of thi s area can be deri ved accuratel y
to be 230 nm . From PIXE- maps, not shown here, we concl uded tha t the sto ichiom-
etry of thi s area and tha t of the left- over \ islands" is about the same. Thus the
\ islands" are indeed \ rocks" of ñ m dim ensions whi ch very l ikely were sputtered
as a who le by the pulsed laser depositi on (PLD ) process. Thi s clearly points to an
inadequate ta rget preparati on pro cess.Needl essto say tha t thi s exam ple does not
represent the present state of the art of produci ng PLD -Ùlm s but was chosen for
i l lustra ti ve purp oses only.

3.2. T race elements in anci ent human bone

The determ inati on of main and tra ce elements in anci ent hum an bone serves
as a sort of di ary for anthro pologists from whi ch inform ati on on eati ng habi ts
and di seasescan be derived. However, postm ortem diageneti c al tera ti ons m ay cor-
rupt thi s \ diary" and i t is of utm ost importa nce to learn to wha t extent ions
have been leached out of the bone or incorporated into the bone by m ineral ex-
change pro cessesor m icrobial inÛuences in the buri al ground. Spati al ly resolved
IL- data on sam ples from a Mero wi ngian popul ati on near Frankf urt/ Ma in, Ger-
m any, showed tha t there is an intense orange lum inescencein the periosta l regions
of the anci ent bone whi ch fades out after a few m m and turns over into a blue
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lum inescence, l ike tha t observed for recent bones thro ughout the sam ple [7]. The
suspicion wa s tha t Mn- ions are incorp orated into hydroxyl apati te and we theref ore
to ok 8 4 ñ m È 84 ñ m m aps of a region cl ose to a pore in the bone sampl e. Fi gure 5

Fig. 5. F rom left to right: SE- map, C a-map, Mn- map of a sample of ancient human

b one.

(l eft) shows an SE-map whi ch closely resembles the Ca-map (m iddle) and gives
an idea of the m orpho logy. The Mn- m ap (ri ght) shows two pronounced spots sur-
rounded by clouds wi th unusua l ly hi gh Mn- concentra ti on. Ho wever, i f integrated
over large areas the slight increase in the average Mn- concentra ti on m ight have
been overl ooked wi th lesssensiti ve metho ds tha n IL. At present we cannot decide
whether Mn was incorp orated vi a m ineral exchange thro ugh pores or whether i t is
a resul t of the rem nants of m icrobe coloni es. In any case, the Mn- rich zone should
not be considered a \ vi rg in diary" . Correl ati ons between several tra ce elements
indi cate tha t in fact thi s outerm ost zone is certa inl y conta minated by vari ous
elements and should not be considered useful for further interpreta ti ons.

3.3. Single aerosol par t icles

The analysis of the com positi on of aerosol parti cles is usual ly carri ed out
col lecti ng a large am ount of parti cl es in a compactor and determ ining the average
compositi on. Thi s is rather unsati sfactory i f the sources of pol luti on are rather
di verse. In order to tra ce back the source of pol luti on the identi Ùcati on of indi vi dual
aerosol parti cles | often as smal l as 1 ñ m and below | is necessary. Thi s can
be achi eved by ñ -PIXE. In Fi g. 6 a PIXE- m ap ( 8 ñ m È 8 ñ m ) of two aerosol
parti cl es from Shanghai is shown to gether wi th thei r spectra from whi ch | using
a Ùngerpri nt \ l ibrary" establ ished by a neura l network | the typ e of source can
be identi Ùed unam biguously: the left parti cle comes from a blast furna ce, the ri ght
one from a cement factory [8].
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Fig. 6. PI X E- map of tw o aerosol particles of di ˜erent pro venance in the Shanghai area.

T he insets show characteristic PI X E- spectra used as Ùngerprints for identiÙcation.

3.4. Car t i lage

The degradati on of carti lage in joints lead to a very com mon and painf ul
di sease: arthro sis. At present we have no good means for an earl y diagnosis nor
is there a good thera py . The m etabol ism in carti lage proceeds vi a knea ding (l ike
a sponge) since there are no vessels. Hence, the kno wl edge of the interna l ar-
chi tecture of carti lage is of crucial im porta nce to understa nd i ts functi oni ng and
m al functi oning . Carti lage is by no m eans a hom ogeneous substa nce. Under an
opti cal m icro scope carti lage cells, cal led chondro cytes, wi th typi cal dim ensions of
10 ñ m are easily vi sibl e. In som e areas they appear as isogoni c pai rs wi th a char-
acteri stic ori enta ti on. Thi s im m ediatel y cal ls for the hyp othesi s tha t the col lagen
Ùbres are aligned in the sam eway. Thi s is in fact borne out by electron microscopy

Fig. 7. ST IM- image ( 40 ñ m È 40 ñ m) of a thin slice of cartilage from a pigs knee

show ing a chondro cyte and the w ell aligned collagen Ùbres (w hite).
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on f reeze fractured sam ples and was deduced as wel l from angle resolved nucl ear
m agneti c resonance m icroscopy [9]. These col lagen Ùbres are to o smal l to be ob-
servabl e by opti cal microscopy, but are easily seen in ion-m icro scopy. Fi gure 7
shows a 40 ñ m È 40 ñ m STIM im age of a sampl e from a pi gs knee carti lage wi th
a latera l resoluti on of 80 nm . The sam ple was freeze dri ed. The chondro cyte and
intra cellular structure s | di£ cul t to interpret due to the freeze dryi ng | are
cl earl y vi sible, as are the highl y ori ented col lagen Ùbres [10]. It turns out tha t the
typ e and degree of ori enta ti on as wel l as the micro-archi tecture of the col lagen
Ùbres vari es dra stically over vari ous regions of the ti bi al and femora l carti lage.
PIXE- m aps, not shown here, exhi bi t ñ m-spots of hi gh Ca-concentra ti on whi ch are
not para l leled by P-spots. Thei r origin is not yet clear but these m ight be nucl ei for
sol id parti cle form ati on whi ch mechani cal ly deteri orate the carti lage upon knead-
ing. Further studi es on carti lage wi th and wi tho ut m echanical load wi l l eluci date
the tra nsport of nutri ents and m etabol ic pro ducts.

Fi nal ly, Ùrst ion to mographi c im ages were obta ined on a carti lage sam ple of
di mensions 1 0 ñ m È 28 ñ m È 30 ñ m . Pro jections were col lected every 0.5 degree for
180 degrees. Since the sam ple had no resemblance to a cyl inder (l ike tha t shown in
Fi g. 2) the sinogram s had to be correcte d substa nti al ly using the relati vel y sharp
conto urs of the chondro cyte as a sort of \ Ùducial marker" . Fi gure 8 shows the
reconstruc ted im age whi ch | unf ortuna tel y | cannot rota te on a pri nted paper.
The big advantage of ion to mography compared to electro n microscopy is tha t
im ages of \ thi ck" sam ples (say 3 0 ñ m ti ssue) can be obta ined in a non-destructi ve
m anner. W ehopeto impro vethe resoluti on in our to mography such tha t indi vi dual

Fig. 8. Perspective view of a cartilage slice (2 8 ñ m È 10 ñ m È 30 ñ m) obtained by

ion tomography . Grey represents high density material (large energy loss), light grey

represents medium density material. T he low density material w as omitted for the sake

of clarity .
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col lagen Ùbres or eventual ly col lagen tub es are di rectl y vi sible. T omography wi th
an externa l beam would be hi ghly desirabl e because the freeze dryi ng procedure
could be avoided and experim ents in whi ch the pressure on carti lage sampl es can
be cycl ed woul d become feasible.

4 . Ou t l ook : sin gle i on b om bard m ent of sin gle l ivi n g cel l s

W hen counti ng indi vi dual parti cles l ike in STIM, when talki ng about ex-
terna l beam s, and when deal ing wi th bi ological materi al the questi on of ta rgeted
bom bardment of a sing le l ivi ng cell by an exactl y counted numb er of parti cles
comes up natura l ly. A single alpha parti cl e wi th a few MeV tra versing a cell
nucl eus can produce a m easurabl e damage. A hot to pic is the so-cal led bysta nder
e˜ect: a cell is hi t and som e of the bysta ndi ng cells respond as i f they were hi t, to o.
Questi ons of m icro dosim etry can be addressed wi th com pletely new di mensions.
Co nsequences for radi othera py are f oreseeabl e. Up to now, col l imated externa l
ion beam s are in use wi th roughl y 1 ñ m latera l accuracy. Focused externa l ion
beam s wi th m uch better resoluti on and sing le l ivi ng cell bom bardm ent facil i ti es
are presentl y under constructi on at vari ous places in the wo rld [11]. A sketch of
the facil i t y at LIPSION is shown in Fi g. 9. Cel ls are culti vated on a m ini-Petri dish
and the coordi nates of the nucl ei are recorded in a cell -observer. These dishes are
then brought to the i rra diati on platf orm and mounted upri ght. Cells whi ch adhere
su£ cientl y to the myl ar botto m of the dish reta in thei r positi ons for a coupl e of
m inutes, as has been tested earl ier. A Ùducial m arker on the m ini -Petri di sh | not

Fig. 9. Sketch of the single ion single living particle b ombardment facility at LI PSI ON

(under construction).
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in conta ct wi th the media | helps to preci sely positi on the di sh vi a STIM. The
coordi nates of the cell nucl ei are tra nsferred to the scanner and a single (or m ore)
selected cell nucl eus (or cyto plasm) is bom barded wi th a preselected numb er of
parti cl es. A parti cle detecto r behind the cells tri ggers the beamgate upstrea m and
registers the energy lost in the exit wi ndow, the myla r botto m of the mini- Petri
di sh, the cell , and the media. Af ter bom bardm ent we analyze the cell culture for
m icronucl eus form atio n and apopto sis o˜- l ine.
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