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Recent exper iment s carrie d out at the A noma lous Scatterin g Beam -

line ID 1 of ESR F are descri bed w hich show that a cold helium atmosphere
pro vides optimal condition s for protein crystallogra phy with soft X -rays at
w avelengths up to 6 ¡A . Image plates are suitable detectors for this wave-

length range. T he impro vement with resp ect to earlier exp eriments is con-
siderable . T his observ ation opens the w ay to the use of anomalous disp ersion
at the K -edge of light elements , li ke phosphorus, sulphur, chlorine and cal-
cium. Moreo ver, there is an interest to use the strong anomalous disp ersion

of some heavy elements such as uranium (11 0 anomalous electron units at
its M V edge) to solve large biologi cal structures. T he metho ds of multiw ave-
length anomalous di˜ractio n and di˜raction anomalous Ùne structure Ùnd

new resonant lab els w hich are w ide spread in livin g matter and materials.

PACS numb ers: 61.10.N z

1. I n t rod uct io n

The use of soft X- ray di ˜ra cti on in pro tei n crysta l lography and in m ateri -
als science is tri ggered by the access to larger signals of anom alous di ˜ra cti on.
There are l ight atom s like sul phur and phosphorus whi ch are wi de spread in livi ng
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organi sms, m inerals, fossil fuels, and in many ki nds of m ateri als.The imaginary in-
crement f 00 of resonant scatteri ng from these elements increaseswi th the square of
the wa velength and cul minates at the K absorpti on edges between 5 and 6 ¡A (T a-
bl e). Mo reover, there are som e very heavy ato ms l ike ura nium and tho ri um wi th

T ABLE
T he X -ray p enetration depth calculated for absorption edges of selected

elements.

Element Edge W avelength [¡A ] Energy [eV ] Penetration depth

in w ater [ñ m]

phosphorus K 5.784 2143 19

sulphur K 5.018 2470 29

chlorine K 4.397 2820 43

uranium M V 3.497 3545 85

uranium M IV 3.333 3720 100

calcium K 3.070 4038 125

M absorpti on edges between 3 and 4 ¡A, whi ch are not only strong scatterers by
them selves but also sources of an even stronger anom alous di spersion. In spite of
the bri ll iant perspecti ves of anom alous soft X-ray di ˜ra cti on in structura l studi es,
i t is only since rather recentl y when the Ùrst steps to wards the use of wavel engths
signiÙcantl y beyond 1.5 ¡A were underta ken. The m ain obstacle is the stro ng in-
crease in absorpti on wi th longer wa velength. Mo reover, the di ˜ra cti on pattern at
a given structura l resoluti on wi l l extend to larger angles, and at very large an-
gles (cl ose to backward di ˜ra cti on) one encounters the structura l resoluti on l im it
whi ch is given by hal f of the X- ray wa velength. W i th wavel engths close to the
K -absorpti on edge of sulphur, Ñk = 5 : 0 1 8 ¡A the achievabl e structura l resoluti on
wi l l stay below 2.5 ¡A. A fai rl y unconventio nal detecto r would be needed to al low
for sim ulta neous m easurement of the di ˜ra cti on peaks over a sol id angle whi ch
covers a reasonably large fracti on (> 0 :5 ) of the uni t sphere. As a consequence,
exi sting software packages need to be adapted to a new ki nd of di ˜ra cti on geome-
try . Mo reover, a closer vi ew has to be given to absorpti on correcti ons and scal ing
pro cedures.

Two main lines of using soft X- ray di ˜ra cti on are presentl y fol lowed:
(1) The o˜ -edge stra tegy uses wavel engths between 1.5 and 3.0 ¡A [1, 2]. It

pro Ùts from the increa se in the im aginary part f 0 0 of anomalous di spersion, whi ch
for l ight elements in thi s wavel ength range increaseswi th the square of the wave-
length for a m oderate increase in X- ray absorpti on. W i th the m axi mum scatteri ng
angle of 2 ˚ = 6 0 £ the resoluti on lim i t is equal to the wa vel ength. The choice of the
wa vel ength is the result of bargaining between hi ghest possibl e resoluti on, lowest
absorpti on, and largest anomalous signal .
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The m ethod uses the anom alous scatteri ng at a sing le wa velength (si ng le
wa vel ength anom alous di ˜ra cti on, SAD ) [3]. An inherent disadv anta ge of SAD
is tha t i t is im possibl e to obta in a uni m odal phase pro babi l it y di stri buti on. In
order to resolve the resul ti ng phase ambigui ty i t is theref ore necessary to com bine
the SAD appro ach wi th density modiÙcati on or other techni ques. Mo reover, the
m etho d is not speciÙc to a sing le element. Typi cally, pho sphorus, sulphur, chl orine,
pota ssium and calcium wi l l contri bute to SAD in a comparable way [4, 5].

No m ajor m odi Ùcati ons of existi ng X- ray di ˜ra ctom eters at synchro tro n ra-
di ati on beam l ines are requi red. Standa rd softw are packagesf or the analysis of the
di ˜ra cti on data in combina ti on wi th local or detecto r scal ing procedures are used
successful ly. Thi s techni que may have the potenti al to becom e one of the standard
appro aches to nearl y com pletel y auto mated protei n structure determ inati on [5].

(2) The near -edgestra tegy is bound to wa velengths near the absorpti on edge
of som e element. W i th sul phur as anomalous scatteri ng ato m , X- ray di ˜ra cti on
exp eriments wi l l have to be carri ed out at wavel engths near 5 ¡A. The m etho d of
choice is tha t of the multi pl e wavelength anom alous dispersion di ˜ra cti on (MAD )
[6]. Phase determ inati on is uni que. Thi s m etho d is not onl y speciÙc to a given
element but also, i t may discrim inate between di ˜erent chemical sta tes of one
and the sam e element. T aki ng sul phur as an exampl e, the dispersion of sulphur
in the valence state { 2 (sul phi de, sul phur in am ino acids methi onine and cystein)
is shifted by 10 eV to lower energies wi th respect to sulphur in the state +6
(sul phates). The m etho d of MAD trea ts the two species of sulphur as separate
enti ti es [7]. Thi s is less evi dent for the di stincti on between cystein and cysti n,
where the di sulphi de bri dge of cysti n leads to a spli tti ng of the m ain peak of
the absorpti on edge into two peaks separated by 2 eV only. At thi s point, the
m easurement of the di ˜ra cti on anom alous Ùne structure (D AFS) would be the
m ore prom ising way [8, 9]. The weal th of chemical inform atio n m ight well outwei gh
the reduced structura l resoluti on.

For l ight elements, l ike phosphorus, sulphur and chl orine, the K -absorpti on
edges present the only way to use the metho d of MAD . The K absorpti on edges
of these elements are found at wa velengths between 4 ¡A and 6 ¡A where the pen-
etra ti on depth of X- rays in alm ost any ki nd of m atter is considerably reduced
(T able).

The penetra ti on depth of soft X- rays in organi c m atter is of the order of
som e tens of m icro ns. For ai r | these num bers count, to a good appro xi matio n,
in mi l l im etres. Hence, a few cm of ai r reduces the intensi ty of soft X- rays at
wa vel engths cited above to about one thi rd. The design of a beaml ine tra nsparent
for soft X-rays is a techni cal chal lenge. There is also a need f or an area detecto r
coveri ng a large sol id angle in order to reach the structura l resoluti on l im it of
about 3 ¡A.

The consequences of increased absorpti on are less dram ati c for the sampl e,
as there is an increase in the scatteri ng power wi th the square of the wa velength
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Fig. 1. Variation of the p enetration depth of X -rays in w ater (in ñ m) and the scattering

p ower of a crystal (arbitrary units) versus the wavelength.

(Fi g. 1). For very smal l crysta ls of microm eter size or for even smal ler objects l ike
sing le parti cles, the use of soft X-rays may be a real advanta ge.

Thi s paper deals wi th soft X- ray di ˜ra cti on at wa velengths beyond 3 ¡A. The
appro ach to solve the techni cal pro blems encountered wi th the m etho d of MAD as
a near- edge m etho d has been a stepwi se one. Starti ng f rom the experience gained
at the beam l ine A1 of HAS YLAB [10, 11], a series of test experim ents of soft
X- ray di ˜ra cti on have been carri ed out at beam l ine ID 1 of ESR F [12, 13]. The
present state wi l l be discussed below.

2. T he ex per i m ent

The experim ental setup used for soft X- ray di ˜ra cti on is an anci l lary equip-
m ent designed for the im plementa ti on at the beam line ID 1 of ESR F. It consists
of a hel ium box whi ch at i ts largest face carri es an image pl ate wi th a sensiti ve
area of 350 m m È 430 m m (Fi g. 2). A jet of cold hel ium (T = 4 0 K) is di rected
to wards the protei n crysta l . The cryogenic facil i t y, whi ch has been developed at
the EMBL Outsta ti on at Grenobl e, is an open stream system .

The sam ple was tetra gonal lysozym e (a = b = 7 8 : 3 5 ¡A, c = 3 7 : 4 7 ¡A). The
crysta ls were obta ined from a soluti on of 0.9 M NaCl , 50 m M CH 3 COONa at
pH 4.5.

A crysta l wa s mounted on a loop and washed wi th para£ n oi l for 30 seconds,
and im medi atel y therea fter exp osed to cold hel ium gas stream inside the hel ium
box.

The X-ray opti cs of the beam l ine ID 1 wi th i ts doubl e silicon crysta l mono-
chro m ato r del ivers m onochro mati c radiati on wi th wavelengths ranging from 0.3 ¡A
to 3 ¡A and f rom 0.6 ¡A to 6 ¡A usi ng the 311 and the 111 reÛection of the sil icon
crysta l , respect ively. Hi gher harm oni cs are rejected by mirro rs in front and be-
hi nd the m onochrom ator. The m onochroma ti c beam leaves the evacuated section
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Fig. 2. The b eam line ID1 with its ancillary equipment for soft X -ray di˜raction. T he

various parts are not to the same scale. The optical part consists of two mirrors (M)

and a double mono chromator (C ). T he mono chromatic b eam enters into the helium

atmosphere through a 15 ñ m K apton foil (K ). T he sample crystal (S) is cooled by cold

helium gas (T = 4 0 K ). T he helium leaving the box is b eing reco vered. T he di˜racted

intensity is recorded on a large image plate (I P) at 23 cm distance from the sample. T he

sensitiv e area of the image plate is 350 mm È 430 mm. T here is a 20 ñ m thick Mylar

w indow (p olyethylene terephthalate) in front of the image plate.

thro ugh a thi n Ka pto n wi ndow of 12 ñ m thi ckness. There are no other wi ndows
further upstrea m.

The m onochrom ati c X- ray beam enters into a hel ium atm osphere and is
di ˜ra cted by the pro tei n crysta l . The sam ple, a lysozym e crysta l (tetra gonal form ,
see below) wi th a diam eter of about 200 ñ m , is opaque for soft X- rays. It is
theref ore qui te easy to see the shadow of the crysta l by di rect observati on of the
pri mary beam of 0.5 m m diameter.

The di ˜ra cted intensi ty is recorded on a largeim ageplate (350 m mÈ 430 m m,
pi xel size 2 0 0 ñ m ) at 230 mm distance from the sampl e. The plate is incl ined by
3 0 £ in order to cover scatteri ng angles between À 1 5 £ and £ in the verti cal
di recti on (Fi g. 2). There is a thi n wi ndo w ( ñ m Myl ar) in front of the im age
pl ate. The image pl ate is read out o˜- l ine. The readout ti m e of 12 minutes was
considerably longer tha n the exposure ti m e of typi cal ly som e tens of seconds.

X- ray di ˜ra cti on from a crysta l of tetra gonal lysozym e was measured at the
fol lowi ng wavel engths: Ñ : ¡A, Ñ : ¡A, Ñ : ¡A, Ñ : ¡A, and
Ñ : ¡A. At each wavel ength the crysta l was rocked thro ugh 4 slices of £ .
D i ˜ra cti on spots were observed at al l wa velengths over the to ta l area of the im age
pl ate (Fi gs. 3{ 7). Good qual i ty di ˜ra cti on data were obta ined even at Ñ : ¡A
where the penetra ti on depth of X- rays decreasesto lesstha n ñ m. The washing
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Fig. 3. Di˜raction of 2.7 ¡A photons from tetragonal lysozyme. T he picture show s the

data from a 2
£ rotation of the protein crystal. Scattering angles extend from À 15

£

(at the b ottom of the Ùgure) to + 75
£ (at the top of the Ùgure). T he background has

b een subtracted (see text). T his w avelength is now being used routinely for protein

crystallog raph y at some places [1] .

Fig. 4. Di˜raction of 3.5 ¡A photons from lysozyme (condition s as in Fig. 3). T his

w avelength is of interest for the use of the large anomalous scattering from uranium at

its M V absorption edge.

pro cedure wi th oi l just before freezing the crysta l apparentl y led to the form ati on
of a thi n oi l layer whi ch is qui te tra nsparent for soft X- rays. No te tha t in thi s case
the di ˜ra cti on peaks at larger angles are at least as intense as tho se observed at
smal ler angles.

Insp ection of Fi gs. 3 to 7 shows two features:
(1) The spacing between reÛections increaseswi th the wa velength. The num -

ber of peaks decreaseswi th the inv erse cub e of the wavel ength, whi ch is qui te im -
pressive. For wa velengths up to 4.4 ¡A al l peaks predi cted by MOSFLM program
were found. For sti l l larger wa velengths a sim i lar result was obta ined by a special
pro gram f or indexi ng wri tten by one of us (H. S.).

(2) The intensi ty of the Bra gg peaks is getti ng weaker, al tho ugh the exp osure
ti m e had been increased from t = 2 0 s at Ñ 1 to t = 1 2 0 s at Ñ5 .

The second point m eri ts m ore attenti on as i t pro vi des a measure of the
qual i ty of soft X-ray di ˜ra cti on data . The integ rated peak intensi ti es divi ded by
the m easuri ng ti m e decrease wi th larger wa vel engths (Fi g. 8). The dra stic drop
of the intensi ty at Ñ : ¡A is due to the obl igato ry change from the undul ato r
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Fig. 5. Di˜racti on of 4.4 ¡A photons from lysozyme (condition s as in Fig. 3). T his is

the w avelength of the K absorption edge of chlorine.

Fig. 6. Di˜ractio n of 5. 0 ¡A photons from lysozyme (conditi ons as in Fig. 3). T his is

the w avelength of the K absorption edge of sulphur.

Fig. 7. Di˜racti on of 5.7 ¡A photons from lysozyme (condition s as in Fig. 3). T his is

the w avelength of the K absorption edge of phosphorus .

radi ati on to the radiati on from the wi ggler. One reason for the decrease in the
m easured di ˜ra cti on intensi ty is the absorpti on by wi ndows. Thei r tra nsmission
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Fig. 8. Integrated intensities of di˜ractio n p eaks versus the w avelength (see text). T he

intensities are given in events per minute and pixel. O nly those pixels are counted w hich

are part of the Bragg peak (circles). The squares corresp ond to intensities after divisio n

by the transmissio n of the w indow s at the entrance of the helium b ox ( 15 ñ m K apton)

and in front of the image plate (20 ñ m Mylar).

as a functi on of the wavel ength is kno wn. Fi gure 8 shows the integ rated intensi ti es
after correcti on for tra nsmission versus the wavel ength. These values reÛect the
inÛuence of three factors: the num ber of photo ns hi tti ng the lysozym e crysta l , the
di ˜ra cti on power of the crysta l and the sensiti vi ty of the im age plate. Between
2.7 ¡A and 5.0 ¡A thi s pro duct vari es by not m ore tha n a facto r of 5.

The di ˜ra cti on imagesshown in Fi gs. 3 to 7 ha ve been Ùltered usi ng a m ask
whi ch is com parabl e to the peak size. In thi s wa y the di ˜ra cti on peaks show up
m ore clearl y, whi le features di ˜erent from the size of the m ask wi ll be reduced. The
background scatteri ng, whi ch had been vi sible before the Ùlter was appl ied, was
m ainly due to the scatteri ng of the pri m ary beam by the Ka pto n foi l. At larger
angles (2 ˚ > 5 0 £ ) the scatteri ng from the Ka pto n foi l is absorb ed by the inner
surf ace of the hel ium box. The boundary l ine of the region of increased background
can be seen most easily in Fi g. 4. Any addi ti onal wi ndow near the sam ple woul d
lead to a f urther increase in the background. The open stream cool ing system turns
out to be the best way to ensure a low background scatteri ng. Mo reover, the l iqui d
hel ium consum pti on of the cryo genic system from EMBL wi th about 1 l i tre/ hour
is m oderate. R ecovery of the hel ium gas is foreseen.

Al l di ˜ra cti on im ages shown in Fi gs. 3 to 7 exhi bi t addi ti onal structures
at the edges, parti cul arly at the side of larger di ˜ra cti on angles, whi ch are due
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to frost on the cold surf ace of the pl astic wi ndow. There was no ice form ati on
inside the box.

From a later exp erim ent it becam e evident tha t the exclusi on of ai r insi de the
cold box is essential for the proper perform ance of the setup. In tha t exp eriment
the im age plate wa s intro duced into the hel ium box thro ugh a narrow sli t. No
wi ndow in front of the image plate was needed. Al tho ugh thi s design is attra cti ve,
i ts dra wba ck was tha t ai r entered into the box at each change of the im age pl ate
al lowing a parti al exchange of the hel ium atm osphere inside the box by ai r at each
change of the im age pl ate. Al tho ugh the ai r coul d be repl aced rather qui ckl y by
hel ium , the moisture coming along wi th the ai r was deposited as frost near the
sam ple crysta l , givi ng ri se to conti nuously growi ng ice powder di ˜ra cti on ri ngs.

4. Co n clu si on

W ith the intro ducti on of a cold hel ium atm osphere as sam ple envi ronm ent
and im age pl ates as detecto r, the condi ti ons for soft X-ray di ˜ra cti on have been
considerably im pro ved. The hel ium atm osphere is tra nsparent enough to soft
X- rays. The numb er of wi ndows has been reduced to tw o, one wi ndow separati ng
the hel ium atm osphere from the vacuum section of the beam l ine and another
one in front of the im age pl ate. The latter one could be avoided as wel l, once an
appro pri ate m echanism for the reversible intro ducti on of the im age plate into the
hel ium atm osphere has been bui l t.

The sim ul ta neous measurement of the di ˜ra cted intensi ty coveri ng a large
sol id angle rem ains a techni cal chal lenge. Im age plates in cyl indri cal ly bent f orm
in thi s respect, appear to be the m ost suita ble detecto rs. Mo reover, thei r e£ ciency
for soft X- ray wi th the use of a thi nner protecti ve layer s i s sati sfactory . Further
increase in the sensiti vi ty of im age pl ates can be expected.

The o˜- l ine read-out ti me of the image plate of 10 minutes and the addi ti onal
ti m e for im age plate tra nsfer is the rate l im i ti ng step in data col lecti on. An on- l ine
scanner for cyl indri cal ly bent imagepl ates would ensure a more e£ cient use of the
synchro tro n radi ati on beam ti me.

Ac kn owl ed gm ent

The exp eriments were carri ed out at the Euro pean Synchro tro n R adiati on
Faci li t y (ESR F) at Grenobl e. W e would l ike to tha nk the techni cal sta˜ of the ID 1
beam l ine of ESR F for thei r com petent support.
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