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Potential Operating Region for Ultrasoft X-ray 

Microscopy of Biological Materials 

Abstract. Calculations are presented which indicate an extensive suboptical re- 
gion in the microscopy of biological materials in their naturcal state which is acces- 
sible to ultrasoft x-rcay trcansmission microscopy. Throughout most of the region, 
r(ldialtion dosage levels to the specimen are lower than in electrcon microscopy. 

It has been shown in recent work (1) 
that contact microradiography with the 
use of ultrasoft x-rays and high-resolu- 
tion polymer resist detectors is capable 
of resolutions of the order of 100 A with 
unstained biological materials. Similarly, 
the feasibility of ultrasoft x-ray micros- 
copy with the use of Fresnel zone-plates 
and of scanning microscopy with syn- 
chrotron x-rays has been shown (2, 3), 
although at lower resolutions than the 
above. These accomplishments suggest 
the desirability of ascertaining just what 
the potential operating region for ultra- 
soft x-ray transmission microscopy may 
be. 

As a contribution to the study of this 
question we have calculated the radia- 
tion dose D which an unstained biologi- 
cal specimen must undergo in ultrasoft x- 
ray microscopy. [It is known (4) that ra- 
diation dose and the damage resulting 
therefrom is the limiting factor in the res- 
olution obtainable by electron microsco- 
py of unstained biological systems.] The 
calculations cover bright-field and dark- 
field transmission x-ray microscopy, a 
wavelength range for the photons from 
1.3 to 90 A, and model systems represen- 
tative of a number of different simplified 
two- and three-phase biological speci- 
mens. The dose D is calculated as a func- 
tion of the specimen thickness t and the 
resolution d at which the microscopy is 

being carried out. It is assumed in the 
calculations that the instrumentation is 
ideal in the sense that it does not in- 
crease dosages over those calculated (for 
example, through losses in the detectors) 
or decrease resolution (for example, 
through diffraction effects or through ab- 
errations in the optical elements). 

For convenience in comparing with 
electron microscopy, D is similarly cal- 
culated for an extensive set of CTEM 
and STEM modes (5), and for electron 
energies in the range 104 to 107 ev. Anal- 
ogous assumptions are made about the 
freedom of the instrumentation from sig- 
nal and resolution loss. 

Under the assumptions given, the min- 
imum incident flux nmin of particles on 
the specimen necessary to distinguish re- 
liably between two differing resolution 
elements of the specimen is given by 

nmin = 25(p, + P2)/2(Pi -P2)2 (1) 

where d is the edge-length of the resolu- 
tion element, and Pi, P2 are the probabili- 
ties of an incident particle giving rise to 
an event of the type being used to form 
the signal in the microscopy in question 
in the two resolution elements. Equation 
1 is a modified form of the criterion origi- 
nally introduced by Rose (6). For ultra- 
soft x-rays the event may be the trans- 
mission of the photon through the speci- 
men (bright-field microscopy, mode XI 

in ouI nomenclature), or the absorption 
of the photon in the specimen (dark-field 
microscopy, mode X2). 

If one assumes that the resolution ele- 
ments consist of a background material B 
of thickness tB and a feature material, 
which is F1 or F2 in the two different 
types of resolution element, of thickness 
tF, then 

p 1 exp(- 1JBtB - IJF10F, 

PX21 exp(- /JBtB , PF20F (2a) 

and 

Pi I - exp(- /JBtB - WFJtF), 

X2 /tt 
P2 :1 - exp(- /JBtB I F2tF) (2b) 

for XI and X2 microscopy, respectively. 
Here bLB, JF1 l, and J,F2 are the linear ab- 
sorption coefficients for the x-rays in 
question in the materials in question, and 
may be calculated fi-om tabulated data 
(7). Together, Eqs. 1 and 2 allow the 
minimum flux of photons to be calcu- 
lated in terms of the thicknesses of back- 
ground and featur-es in the specimen, the 
wavelength of the x-rays and materials of 
the background and features, the mode 
of the microscopy, and the desired reso- 
lution d. 

The mean radiation dosage (energy de- 
posited per unit mass) in the initial layers 
of a specimen composed of equal num- 
bers of elements containing Fl and F2, 
corresponding to the minimum incident 
flux nmin, is 

D = nminE [2/,BtB + (/,FI + /tF2) tF1 / 

[2PBtB + (PF1 + PF2)tF] (3) 

where E is the energy deposition per 
absorption hv and PB, PF1, PF2 are the 
densities of the materials B, Fl, F2, re- 
spectively. With the aid of Eq. 3, the 
least dosage to the specimen consistent 
with reliable imaging can be calculated 
in terms of the quantities noted above 
(thicknesses and materials of specimen, 
wavelength, mode, and resolution). 

In electron microscopy, Eq. 2 is re- 
placed by formulas corresponding to the 
eight CTEM and STEM modes consid- 
ered (5). The formulas are similar to Eq. 
2 in form, but involve the linear 
coefficients for elastic scattering B YFl 
btF2 and inelastic scattering t iB, 4Fl /jF2. 

The linear coefficients are calculable 
from the atomic cross sections for elastic 
and inelastic scattering (8). Finally, Eq. 3 
is modified in the electron case by reduc- 
ing E to approximately 48 ev [this choice 
yields values for the dose which are in 
close agreement with relativistic stop- 
ping power equation values (4, 9)], and 
replacing ,u's by ,u1's. 
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Fig. 1. Contours in the 
(t, d)plane (where t is the I /L m _ I 

specimen thickness and d /90 
is the resolution) of the d2500 A 
radiation dose that must fl 

be undergone by a speci- J IOOOA 
men consisting of protein ?/ 
features in a water back- a 

ground. Contours are at ? 
109 rads. The area bound- lo o10 A 7, - 

ed by heavy solid lines is - , 
the potential suboptical / : 
operating region (for the D D 
protein-water specimens) 1o0 x I 
for bright-field transmis- -R 0 
sion microscopy with ul- \Q \OC r ( t' 
trasoft x-ray photons. \ 
Other curves are de- Specimen thickness, t 
scribed in the text. 

Figure 1 summarizes some of the ma- 
jor results for a typical specimen. con- 
sisting of equidimensional (tF = d) pro- 
tein features in a water background 
(B = Fl = water, F2 protein). The 
coordinates of the figure are specimen 
thickness t (t = tB + tO) and resolution 
d. As has been noted above, the mini- 
mum dose D is a function of (t, d). The 
principal curves in the figure are con- 
tours of D at 109-rad dosage for different 
types of microscopy. [In each case, the 
particle energy or wavelength (in the 
electron case, mode of microscopy as 
well) has been chosen at each point (t, d) 
to give the lowest possible value for D.] 
Although not shown, D increases in each 
case as one moves downward and to the 
right in the figure. Since 109 rads repre- 
sents roughly the maximum dosage con- 
sistent with structural survival of an un- 
fixed biological specimen (4), the poten- 
tial operating region in each case is the 
region above and to the left of the con- 
tour corresponding to that case. 

The potential suboptical operating re- 
gion for photons in mode XI (bright-field 
transmission microscopy) for the pro- 
tein-water system is the large area in Fig. 
I bounded by heavy solid lines. It ex- 
tends to resolutions of the order of 100 
A, and covers a very wide range of spec- 
imen thicknesses. 

As previously noted, the XI photon 
curve is optimized at every point over 
photon wavelength (1.3 to 90 A). The op- 
timum photon wavelength starts at 43.6 
A (carbon absorption edge) at the left- 
hand edge of the figure and decreases as 
one moves to the right, reaching 23.3 A 
(oxygen absorption edge) in the right- 
hand portion of the area shown. Thus the 
optimum photons for this system fall, as 
might be expected, in the wavelength re- 
gion in which the protein feature is rela- 
tively opaque in comparison with the wa- 
ter background. 

The operating region for electrons is 

smaller than that for XI photons, but ex- 
tends to slightly better resolutions for 
thin specimens (t < 350 A). The electron 
curve is optimized at each point over the 
four CTEM and four STEM modes and 
over electron energy (104 to 107 ev). 

The trace of the point of intersection 
of the electron and Xl photon curves is 
shown in Fig. 1. To the left of this trace 
electrons image the protein-water sys- 
tem with smaller dosage than do mode 
XI photons, while to the right the oppo- 
site is true. The dosage advantage of the 
X 1 photon increases to approximately 
104: I along the line t = 5 ,um. 

The curve marking the 109-rad contour 
for photons in mode X2 extends the op- 
erating area for photons considerably to 
the lower left. Under these cir-cum- 
stances photons image with a dosage ad- 
vantage of at least 10: 1 everywhere in 
the plane. It must be pointed out, how- 
ever, that the feasibility of X2 microsco- 
py is uncertain, except perhaps in the 
case of very thin specimens, because of 
the short range of those products (photo- 
electrons, Auger electrons) of the ab- 
sorption events which are produced in 
high yield. It should also be noted that 
diffraction effects may make the contour 
unrealistic as drawn (the optimizing 
wavelength for the photons, as in the XI 
case, is 43.6 A in the left-hand portion of 
the contour). 

Physically, the results of Fig. 1 reflect 
the balance between the lower average 
energy transfer per event in the case of 
the electron and the lower number of 
events required to effect feature recogni- 
tion in the case of the photon. The latter 
in turn arises from the greater selectivity 
of the photon in its interaction with the 
electrons of the specimen according to 
their binding energies. 

It should be noted that we have implic- 
itly assumed that radiation dose in the 
specimen is a reliable index of specimen 
damage. It is likely, in fact, that a given 

dose is somewhat more damaging if de- 
livered by ultrasoft x-rays than by elec- 
trons. As a result of such considerations, 
slight repositionings of the curves pre- 
sented may be required to allow for their 
direct interpretation in terms of damage, 
but we believe no significant effect on the 
conclusions that may be drawn will re- 
sult. 

Details of the theory and calculations, 
as well as results on other two- and 
three-phase systems in which Fl and F2 
are drawn from the list (water, protein, 
carbohydrate, lipid, nucleic acid), will be 
published elsewhere (10). The case in 
which the incident flux of particles is 
noise-free, which produces a slight im- 
provement in the electron case, will also 
be treated in that paper. 
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