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SUPERCONDUCTING LENSES FOR S T E R I C  STRUCTURE DETERMI- 
N A T I O N  OF ORGANIC MATERIAL I N  THE ELECTRON M I C R O -  
SCOPE 

ERWIN KNhPEK, GUY LEFRANC, WOLFGANG v. GENTZKOW, 
ISOLDE DIETRICH, HELMUT FORMANEK" 
Zentra le  Forschung und Entwicklung, Siemens AG, 
D-8000 Munchen, Postfach 830 952 
* Botanisches I n s t i t u t ,  U n i v e r s i t a t  Munchen 

Abstract  The atomic s t r u c t u r e  o f  r a d i a t i o n  s e n s i t i v e  
organic m a t e r i a l  has been determined w i t h  a super- 
conducting lens  system for  e lec t ron  microscopes where 
t h e  specimen i s  kept  a t  a temperature o f  4 K. Due t o  
the  h igh  electromagnetic ar,d mechanical s t a b i l i t y  o f  
t h e  inst rument  and due t o  the  c ryop ro tec t i on  o f  orga- 
n i c  specimens a t  low temperatures t h e  "superconduc- 
t i n g "  e lec t ron  microscope has been found t o  be very 
e f f e c t i v e  f o r  t h i s  purpose. 

INTRODUCTION 

High r e s o l u t i o n  imaging i n  e lec t ron  microscopy i s  a precon- 

d i t i o n  f o r  successful s t e r i c  s t r u c t u r e  determinat ion o f  or- 

ganic miaterial if X-ray methods are  no t  app l i cab le .  I n  most 

cases, however, t h i s  imaging i s  prevented by t h e  damage o f  

t h e  organic m a t e r i a l  due t o  t h e  e lec t ron  impact. The s t ruc -  

t u r e  o f  unstained organic m a t e r i a l  i s  destroyed by an aver- 

age dcse o f  100 e/nm wh i l e  l o 3  t o  10 e/nm a re  requ i red  

for an e lec t ron  micrograph with s u f f i c i e n t  con t ras t ,  I n  

most cases coo l i ng  o f  t he  specimen t o  4K enhances the  per- 

m iss ib le  dose by a t  l e a s t  one order o f  magnitude. This  low 

temperature i s  ensured by a superconducting l ens  system 

which, i n  add i t ion ,  guarantees very h igh  e l e c t r i c a l  and rne- 

chan ica l  s t a b i l i t y .  
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294 E. KNAPEK et al. 

SUPERCONDUCTING LENS SYSTEM 

Superconducting lens systems have been developed i n  our l a -  

boratory  dur ing  the  l a s t  decade. One o f  t he  systems has been 

i n s t a l l e d  i n  a t e s t  microscope with a 400 kV acce lera tor  

wh i le  another type  (Fig. 1) can be at tached t o  commercial 

microscopes w i t h  beam vol tages up t o  500 kV. The system con- 

s i s t s  o f  a c ryos ta t  with th ree  concen t r i ca l l y  arranged cham- 

bers f o r  the  cryogenic l i q u i d s  e,g. n i t r o g e n  and helium. The 

inner  hel ium chamber i s  on ly  thermal ly  connected w i t h  the  

in termediate he l ium devar, and i t  conta ins  t h e  o b j e c t i v e  

l ens  and a t  l e a s t  one t i g h t l y  connected in te rmed ia te  lens. 

The ob jec t i ve  l ens  i s  a superconducting s h i e l d i n g  lens, i .e .  

unconventional m a t e r i a l  has been used fo r  those pa r t s  o f  t h e  

l ens  whi.ch are producing t h e  imaging f i e l d  . 2 

4 

FIGURE 1 
microscope. 1 o b j e c t i v e  lens, 2 i n te rmed ia te  lens, 

3 specimen holder, 4 s t igmator  and d e f l e c t i o n  c o i l s .  

Superconducting l ens  system f o r  a commercial 

A superconducting e x c i t a t i o n  c o i l  wound w i t h  a NbTi mul t i -  

f i l ament  w i re  i s  i n s t a l l e d  i n  a superconducting s h i e l d i n g  
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LENSES FOR STERIC STRUCTURE DETERMINATION 295 

casing. The magnetic f i e l d  on the  o p t i c a l  ax i s  i s  shaped by 

two superconducting s h i e l d i n g  cy l inders .  The superconducting 

sh ie ld ing  mater ia l ,  composed o f  Nb-Sn-Cu s i n t e r m a t e r i a l  w i t h  

the  e f f e c t i v e  superconducting phase Nb Sn screens the  magne- 

t i c  f i e l d  so t h a t  on ly  i n  the  reg ion  o f  t he  l ens  gap the  

magnetic f i e l d  can penetrate t o  the  o p t i c a l  ax is .  Even e lec-  

tromagnetic s t r a y  f i e l d s  ou ts ide  the  lens  are t o t a l l y  

screened o f f  by the superconducting casing. 

3 

The in termediate lenses are i r o n  c i r c u i t  devices with 

superconducting e x c i t a t i o n  c o i l s  and a l l  d e f l e c t i o n  and cor-  

r e c t i o n  systems a lso  cons is t  o f  superconducting c o i l s .  The 

s t igmator  i s  i n s t a l l e d  i n  the  lens  gap and thus, a non ro- 
t a t i o n a l  imaging f i e l d  can be cor rec ted  d i r e c t l y .  A l l  l ens  

c o i l s  and most o f  the c o r r e c t i o n  c o i l s  can be operated i n  

the  p e r s i s t e n t  cur ren t  mode such t h a t  disturbances and r i p p l e  

o f  t h e  cu r ren t  are e l iminated.  The cu r ren t  generator i s  

switched o f f  a f t e r  the  c o i l  i s  e x c i t e d  t o  the  des i red  value. 

The ob jec t i ve  lens i s  equipped w i t h  a s ide  en t r y  specimen 

stage. A f t e r  a coarse p o s i t i o n i n g  o f  t h e  specimen the  ho lder  

i s  disconnected from the  warmer p a r t s  o f  t he  c ryos ta t .  Dur ing 

t h e  experiment the  specimen can be s h i f t e d  mechanical ly with 

a f i n e  adjustment over l eve r  arms w i t h  a r e p r o d u c i b i l i t y  o f  

about 50 nm. I n  general mechanical adjustments from ou ts ide  

are avoided as f a r  as poss ib le  i n  order  t o  minimize t h e  heat- 

t r a n s f e r  i n t o  the lens  system. 

The lens gap i n  the  system F ig .  1 i s  r e l a t i v e l y  l a r g e  

s ince  t h e  ob jec t i ve  lens i s  operated w i t h  a h i g h  e x c i t a t i o n .  

Some c h a r a c t e r i s t i c  data from an e l e c t r o n  microscope w i t h  a 

superconducting lens  system are l i s t e d  i n  t a b l e  1. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

0:
42

 2
1 

Fe
br

ua
ry

 2
01

3 



296 E. KNAPEK er al. 

TABLE 1 Data f o r  a superconducting two-lens system 

2 Lens strength k 
Focal length f 

Chromatic aberration constant 
Spherical aberration constant 
Basic astigmatism Af/f 

(second zone mode) 

Cap 

Drift of specimen 
Positioning reproducibility of specimen 

5 
1.7 mm 
1.3 mm 
1.2 mm 
0.7 X 
7.5 mm 
0.03 nm/min 
50 nm 

CRYOPROTECTION AND SPECIMEN PREPARATION 

Rad ia t ion  damage, the  most ser ious  problem i n  h i g h  r e s o l u t i o n  

e lec t ron  microscopy o f  organic  ma te r ia l s  i s  caused by che- 

m ica l  bond breaking p r i m a r i l y  due t o  the  i n e l a s t i c  i n t e r a c t i o n  

o f  the  e lec t rons  with the  matter. Subsequent secondary e f f e c t s  

are e.g. d i f f u s i o n  or  migra t i on  o f  molecular fragments and 

evaporation o f  components with h i g h  vapor pressure so t h a t  

a f t e r  an i r r a d i a t i o n  with a h igh  dose on ly  a carbon ske le ton  

i s  l e f t .  The goa l  was t o  discover i f  c ryop ro tec t i on  a t  4 K 

permi ts  h igh  r e s o l u t i o n  imaging, Th is  necess i ta tes  the  de- 

te rmina t ion  o f  the  dose which causes specimen des t ruc t ion .  

For t h i s  the  vanish ing o f  e lec t ron  d i f f r a c t i o n  pa t te rns  from 

c r y s t a l l i n e  m a t e r i a l  i s  mainly used. The d i f f r a c t i o n  pa t te rns  

(Fig. 2)  taken a t  300 K and 4 K c l e a r l y  demonstrate t h e  ex- 

i s tence o f  cryoprotect ion.  

I n  order t o  ob ta in  q u a n t i t a t i v e  r e s u l t s ,  t h e  dose De 

which causes a reduc t ion  o f  t he  i n t e n s i t y  o f  t h e  f i r s t  order  

r e f l e c t i o n s  by a f a c t o r  l / e  i s  measured. Cryoprotect ion fac- 

t o rs ,  i .e. values f o r  D 

publ ished some t ime ago , b u t  recen t l y  some o f  these values 

could no t  be reproduced. More thorough i n v e s t i g a t i o n s  were 

(300 K)/D, (4 K )  above 100 were 
B 
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LENSES FOR STERIC STRUCTURE DETERMINATION 297 

FIGURE 2 

alanine.  Decrease o f  the  i n t e n s i t y  of t he  r e f l e c t i o n s  

w i t h  inc reas ing  dose, a - d: 300 K,  e - h: 4 K. The 

numbers g i ve  the  accumulated dose i n  e/nm . 

E lec t ron  d i f f r a c t i o n  pa t te rns  o f  phenyl- 

2 

performed i n  order t o  f i n d  out  t he  reasons f o r  these d isc re-  

pancies. The d i f f r a c t i o n  spots  were spread on t h e  photogra- 

ph i c  emulsion, so t h a t  e r r o r s  i n  respect  t o  densitometry 

were avoided. The s tud ies  confirmed t h a t  a reproduc ib le  

specimen prepara t ion  metho; has no t  been found y e t  and t h a t  

numerous changes i n  the  ob jec t  may happen dur ing  i r r a d i a t i o n  

which prevent extraction of the De values from diffraction 

experiments, An example i s  demonstrated i n  F ig .  3 where t h e  

i n t e n s i t y  o f  the  r e f l e c t i o n s  changes a t  random w i t h  inc reas-  

i n g  accumulated dose. We assume t h a t  t i l t i n g  and bending o f  

t h e  specimen i n  the beam took p lace as sketched i n  F ig .  3. 

Such e f f e c t s  may e a s i l y  occur i f  m a t e r i a l  w i t h  very low 

thermal and e l e c t r i c a l  c o n d u c t i v i t i e s  a t  4 K such as Formvar 

o r  col lod ium f o i l s  are used f o r  support f i lms .  Even us ing  

carbon f o i l s  w i t h  considerable sur face  roughness which have 
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298 E. KNAPEK et al. 

crystal 
carbon foil 

(4 

FIGURE 3 

d i a t i o n  demonstrated on 1-va l ine (a) p o s s i b i l i t i e s  

f o r  t i l t i n g  o f  t he  c r y s t a l ,  (b) e lec t ron  d i f f r a c t i o n  

pa t te rns  taken wi th inc reas ing  accumulated dose, 

( c )  corresponding v a r i a t i o n  o f  i n t e n s i t y  o f  the  

th ree  marked r e f l e c t i o n s ,  

Changing o f  c r y s t a l  p o s i t i o n  dur ing  i r r a -  

reasonable conduc t i v i t y  a t  4 K, t h e  contac t  res is tance be- 

tween c a r r i e r  f o i l  and crysta1,which increases wi th t h e  

f a l l i n g  temperature, may be so much enhanced t h a t  heat ing  

and charging by the beam changes t h e  specimen pos i t i on .  I f  

the specimen i s  s i t u a t e d  on a carbon f o i l  near t h e  copper 

bar o f  t he  c a r r i e r  net, the  thermal  and e l e c t r i c a l  conduction 

i s  improved. The i n t e n s i t y  o f  t he  f i r s t  o rder  r e f l e c t i o n s  

decays l i n e a r l y  with inc reas ing  accumulated dose i n  a semi- 

l oga r i t hm ic  p l o t  as shown i n  Fig.  4. The De va lue i s  about 

an order o f  magnitude h igher  than a t  room temperature i n  

t h i s  case. U n t i l  recen t l y  we obta ined d i f f r a c t i o n  r e s u l t s  

g iven i n  F ig .  4 on ly  by chance. Based on our experience we 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

0:
42

 2
1 

Fe
br

ua
ry

 2
01

3 



LENSES FOR STERIC STRUCTURE DETERMINATION 299 

can s u g g e s t  t h e  use o f  s u p p o r t  f i l m s  wi th  n o t  t o o  low the rma l  

and e l ec t r i ca l  c o n d u c t i v i t i e s  o r  embedding t h e  specimen i n  

carbon f o i l  ( F i g .  5) o r  v i t r e o u s  ice i n  o r d e r  t o  improve 

t h e  mechanical  s t a b i l i t y .  A comple t e  p r e p a r a t i o n  method, 

however, f o r  a c h i e v i n g  r e p r o d u c a b l e  results h a s  n o t  y e t  

been worked o u t .  

Crystal 
1 

a1 ( c l  
I& 560 idoo e/nm2 Id00 

dOS8 - 
FIGURE 4 Fading o f  t h e  i n t e n s i t y  i n  t h e  r e f l e c t i o n s  

caused o n l y  by r a d i a t i o n  damage ( a )  p o s i t i o n  o f  

1 - v a l i n e  crystal ,  ( b )  d i f f r a c t i o n  p a t t e r n s  t a k e n  w i t h  

i n c r e a s i n g  dose and ( c )  d e n s i t o m e t r i c  e v a l u a t i o n  

I n  s p i t e  o f  t h e s e  d i f f i c u l t i e s  we succeeded i n  t a k i n g  

d i r e c t  high r e s o l u t i o n  images o f  r a d i a t i o n  sens i t ive  o r g a n i c  

material (Tab le  2 ) .  In some cases t h e  dose  r e q u i r e d  f o r  rec- 

o g n i z i n g  c e r t a i n  l a t t i c e  f r i n g e s  i n  t h e  micrograph c o r r e -  

sponded t o  t h e  D v a l u e  f o r  t h e  same p e r i o d i c i t y  i n  t h e  d i f -  

f r a c t i o n  p a t t e r n s .  The t o l e r a b l e  dose  f o r  d i r e c t  imaging t h e  

most prominent  l a t t i c e  f r i n g e s  o f  t h e  embedded Cu-complex o f  

BSH was even h i g h e r  t h a n  t h e  De value measured from e l e c t r o n  

d i f f r a c t i o n  p a t t e r n s  , 

e 

3 
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300 E. KNAPEK et al. 

FIGURE 5 Influence of embedding on radiation damage 

o f  single crystals of calcium deoxicholate, ( a )  prin- 
ciple of embedding, (b) electron diffraction patterns, 
above: without embedding and below: with embedding. 

TABLE 2 Direct images obtained with superconducting lenses 

Material Support Dose for Dose rate  Resolved Specimen 
film imaqinq e/nm2. s distance  prepared 

e/nm2 nm by 

Hcxaphenylene aluminum 
mercury oxide 

0 .36  H. Formanek 

Murein graphite 3.10' 300 0.45,0.22 H. Formanek 
oxide 

Catalase carbon 1000 15 1.2 W. Chiu 

(Cu2ESH)n carbon 3.10' 100 1.1,0.9 H. formanek 

Cel lu lose  carbon 1000 80 0.54 H. Chenzy 

Paraffin carbon 3000 100 0.41,0.37 0. Oorset 

Coronene carbon 9500 0.7 J . A .  Fryer 

Purple carbon 2000 20 0.7 0. Studer 
membrane 

Crotoxin carbon 1200 15 0.4 W. Chiu 

STERIC STRUCTURE DETERMINATION OF THE COPPER COMPLEX OF BSH 

BSH (N,N'-bissalicyloylhydrazine) is known as one of the 
best copper deactivators which prevents the accelerated 
thermooxidative aging of polyolefin insulation material 
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LENSES FOR STERIC STRUCTURE DETERMINATION 30 1 

by copper ca ta lys is4 .  Before we s t a r t e d  our experiments i t  

was on ly  known t h a t  the  deac t i va t i on  o f  t he  copper i ons  i s  

caused by format ion o f  a completely i n a c t i v e  complex, Pre- 

l i m i n a r y  experiments have ind i ca ted  t h a t  t he  complex i s  

near l y  amorphous. By a d d i t i o n  o f  ammonia, however, c r y s t a l s  

w i t h  l i n e a r  dimensions o f  a few micrometers5 cou ld  be ob- 

ta ined  which were too smal l  f o r  per forming a complete s t ruc -  

t u r e  ana lys is  by X-ray methods. 

FIGURE 6 D i r e c t  image o f  (Cu2BSH),. A:0.9 nm, 5:l.l nm 

Conventional e lec t ron  microscopy cou ld  not  be app l i ed  s ince  

t h e  c r y s t a l s  turned out  t o  be very beam sens i t i ve .  We on ly  

succeeded i n  tak ing  e lec t ron  d i f f r a c t i o n  pa t te rns ,  where t h e  

f i r s t  and second order  d e f l e c t i o n s  were v i s i b l e ,  which va- 
2 nished a t  a dose o f  500 e/nm . D i f f r a c t i o n  experiments were 

performed i n  our I1superconductingt1 nicroscope, where t h e  

specimen temperature i s  4 K. High order  r e f l e c t i o n s  cou ld  

be detected even i f  the  accumulated dose was increased above 

10 e/nm . I n  add i t i on  h igh  r e s o l u t i o n  images cou ld  be taken 

w i t h  doses o f  3.10 

4 2 

4 e/nrn2, where 0.9 and 1.1 nm l a t t i c e  
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302 E. KNAPEK et al. 

f r i nges  could be c l e a r l y  recognized (Fig. 615. These per io -  

d i c i t i e s  can be co r re la ted  t o  the  most i n t e n s i v e  r e f l e c t i o n s  

o f  t he  d i f f r a c t i o n  pa t te rns .  With the  h e l p  o f  such pa t te rns  

under d i f f e r e n t  Bragg-conditions and the  e lec t ron  micrographs 

a model o f  the  complex cou ld  be constructed, Under the  

assumption o f  a p lanar  s t r u c t u r e  o f  BSH a l i m i t e d  range o f  

mutual o r i e n t a t i o n s  o f  these molecules c ross l i nked  with one 

Cu-atom could be estimated. With regard t o  the  a l lowed or ien-  

ta t ions ,  th ree  dimensional packing models have been con- 

s t ruc ted  and t h e i r  Fou r ie r  t ransforms were i t e r a t i v e l y  fit 

t o  the e lec t ron  d i f f r a c t i o n  pa t te rns  (Fig. 7a and b ) .  These 

procedures r e s u l t e d  i n  the  model F ig .  8. 
1.2 

-8 - 0 - 4 - 2  0 2 4 0 8 h 
(a) (b) . . . .  1 ' 

FIGURE 7 
corresponding Four ie r  t ransform o f  t h e  model. 

(a) D i f f r a c t i o n  p a t t e r n  o f  (Cu2BSH),and (b) 

CONCLUSION 

The example o f  t he  s t e r i c  s t r u c t u r e  determinat ion has shown 

t h a t  e lec t ron  microscopy a t  4 K w i l l  probably become one o f  

t h e  most powerfu l  methods f o r  th is  purpose on organic mate- 

r i a l .  A superconducting l ens  system guarantees an ob jec t  tern- 

perature o f  4 K necessary f o r  c ryop ro tec t i on  and i n  a d d i t i o n  

a very h igh  electromagnetic and mechanical s t a b i l i t y ,  and 

h igh  reso lu t i on .  Some problems i n  connection with specimen 
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LENSES FOR STERIC STRUCTURE DETERMINATION 303 

prepara t ion  f o r  4 K e lec t ron  microscopy have t o  be so lved 

i n  the  f u t u r e  i n  order  t o  make the  use o f  t he  microscopes 

inore e f f e c t i v e .  

FIGURE 8 Model o f  (Cu2BSH), 
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