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Radiation damage sets a fundamental limit for studies with ionizing

radiation; cryo-methods are known to ease these limits. Here,

measurements on mass loss and the decrease in the C O bond

density as measured by oxygen-edge XANES (NEXAFS) spectro-

scopy in thin ®lms of poly(methylmethacrylate) (PMMA), studied in

a vacuum, are reported. While cryo-methods allow more than 95% of

the mass to remain at doses up to 107 Gy, there is little difference in

C O bond density versus dose between 298 K and 113 K sample

temperatures. At both temperatures the critical dose for bond

breaking is �15 � 106 Gy.
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1. Introduction

Radiation damage is a limiting factor in imaging at high resolution

with ionizing radiation. Basic considerations of image contrast indi-

cate that doses of �106 Gy are involved in 50 nm resolution imaging

with soft X-rays (Sayre et al., 1977; GoÈ lz, 1992). These doses are

suf®cient to cause immediate changes in living cells, and to produce

noticeable mass loss and shrinkage in some specimens that are wet

but chemically ®xed (Williams et al., 1993). It is well known that cryo-

methods can greatly reduce radiation damage in biological specimens

(Glaeser & Taylor, 1978; Dubochet et al., 1987). Cryo-

X-ray microscopy experiments at 113 K have shown essentially no

observable mass loss at the 50 nm spatial resolution level with

radiation doses up to �1010 Gy (Schneider, 1998; Maser et al., 2000).

However, mass loss is not the only mechanism of radiation damage,

and cryo-methods are found to improve but not eliminate degrada-

tion of high-resolution electron diffraction data (Glaeser & Taylor,

1978). Overall mass density can be preserved while chemical bonds

are not preserved. This suggests that cryo-methods may offer

differing degrees of protection for spectroscopy, atomic-resolution

imaging or diffraction than simple mass-loss measurements would

suggest.

Radiation-damage effects in soft X-ray spectroscopy have been

studied by measuring the loss of X-ray absorption near-edge structure

(XANES) spectroscopic resonances in thin organic ®lms. Zhang et al.

(1995) used carbon XANES to monitor the decrease in C O bond

density due to chain scission, and the increase in C C bond density

due to crosslinking, in room-temperature PMMA ®lms that were ®rst

baked at various temperatures. The C O bond density was found to

decrease exponentially with increasing dose, with a characteristic

dose of �13 � 106 Gy. Coffey et al. (2002) studied several other thin

polymer ®lms with carbon XANES, and investigated the in¯uence of

atmospheric oxygen on the radiation-damage chemistry. These

authors found that the damage rate in a helium atmosphere is slowed

down by a factor of approximately 100 relative to air for their poly-

(ethylenetherephthalate) (PET) sample. Their experiments were also

conducted at room temperature. These studies provide the back-

ground to our goal of examining radiation damage using XANES

spectroscopy for samples at cryogenic and room temperatures.

2. Materials and methods

2.1. PMMA sample

A PMMA ®lm prepared on top of a silicon nitride window served

as our sample. The silicon nitride window was produced by back-

etching silicon from a wafer with a nitride layer grown on it, resulting

in 100 nm-thick silicon nitride windows. The PMMA (MW 950 KD

PMMA C6 from MicroChem) was spun onto the window at

7000 r.p.m. from a solution 6% by weight in chlorobenzene. We note

here that the high molecular weight of the PMMA used should not

affect the relative molecular weight reduction since the G-factor is

largely independent of the molecular weight (Dawes & Glover, 1996;

Smith et al., 2001). The PMMA samples were baked at 423 � 1 K for

2 h. The thickness of the PMMA layer was then measured using a

Tencor Instruments Alpha-Step 200 pro®ler to be 580 � 20 nm. The

chemical structure of PMMA is shown in Fig. 1.

The carbonyl functional group gives rise to a peak in the

oxygen XANES spectra at 531.5 eV (Fig. 3) which is due to the

O 1s(C O) ! �?
C�O transition (Tinone et al., 1994). The decrease in

intensity of this transition with increasing dose is used later to

quantify the damaging effects.

2.2. Experimental description

The data presented here were acquired using the Stony Brook

cryo-scanning transmission X-ray microscope (cryo-STXM) (Maser

et al., 2000), which is part of the X1A undulator beamline at the

National Synchrotron Light Source (Winn et al., 2000). The imaging

mode of the cryo-STXM was used to deliver a known dose to the

specimen. This was achieved by scanning the specimen with a step

size of 40 nm through the focal spot provided by a Fresnel zone plate

with a diameter of 160 mm, a central stop diameter of 80 mm and

45 nm outermost zone width. A phosphor-coated photomultiplier

tube with 6.6% detection ef®ciency at 525 eV (see x2.2.3) recorded

the transmitted ¯ux at each step. A typical focused ¯ux during

exposure was approximately 1.8 MHz, resulting in 1.1 MHz after

transmission through the PMMA sample. The incident ¯ux of

1.8 MHz corresponds to a ¯ux density of �7 photons sÿ1 nmÿ2

averaged over the central Airy disc of the zone-plate's point spread

function. The exposure at liquid-nitrogen temperature was carried

out using a 10 ms pixel dwell time whereas the room-temperature

exposure was carried out using a 5 ms pixel dwell time. With the

energy of the damaging X-rays tuned to 525.0 eV, the dose during

such a scan was approximately 7.0 � 106 Gy at liquid-nitrogen

temperature and approximately 3.7 � 106 Gy at room temperature

(see x2.3 for details). After the dose scan, the spectroscopy mode of

the cryo-STXM was used to record an oxygen XANES spectrum

across the oxygen K-edge. Since radiation dose is de®ned as energy

Figure 1
Chemical structure of PMMA.
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absorbed per mass, which in turn is proportional to the exposed area,

the beam was defocused to �3.6 mm during spectrum scans to

produce a dose of only �0.6 � 106 Gy per scan.² The same absorbed

energy was therefore put into a larger area, allowing for low-dose

spectroscopy. The sequence of dose scan and spectroscopy scan was

then repeated about 20 times to give a cumulative dose to the

specimen of more than 108 Gy. Finally, an in-focus image with a lower

dwell time and a larger step size over a larger ®eld was taken to

ensure that the specimen remained centred on the X-ray beam axis.

Fig. 2 shows such images of dosed regions at both recording

temperatures.

To normalize the recorded spectra, a spectrum of an area with no

PMMA on the window was recorded at the beginning of each

sequence and used as an I0 spectrum.
2.2.1. Sample conditions. The cryo-STXM with its vacuum

chamber was designed to handle specimens cooled to liquid-nitrogen

temperature. In the ®rst set of experiments the PMMA sample was

cooled down to liquid-nitrogen temperature prior to exposure. The

sample was then allowed to warm up to room temperature, before

Fig. 2(c) was acquired. The second experiment was conducted with

the PMMA sample at room temperature.
2.2.2. Energy calibration. To calibrate the energy of the oxygen

XANES spectra, we added O2 gas into the path of the X-ray beam.

The strong absorption at 530.82 eV (Hitchcock, 1994) was then used

to calibrate the spectra.
2.2.3. Detector calibration. Knowledge of the ef®ciency of the

phosphor-coated photomultiplier detector is important for calcu-

lating the exact dose delivered to the sample. This was determined by

comparing the count rate on the detector of a collimated beam of

focused X-rays with the current measured on a photodiode that has

an almost 100% ef®ciency (Funsten et al., 1997). The measured

detector ef®ciency was about 6.6% at 525 eV.

2.3. Dose calculations

The skin dose (dose deposited in the surface layer of an absorber)

can be calculated using the 1/e absorption length as

Dose � 1:602� 10ÿ4 ENt�=�A�� � Gy; �1�
where E is the photon energy in eV, N is the number of photons per

second absorbed by the sample, measured in kHz, � is the ef®ciency

of the detector, t is the exposure time in ms, � is the density in g cmÿ3,

A is the radiated area in mm2, d is the thickness and � is the inverse

absorption length in mmÿ1.

The 1/e absorption length can be expressed as

1=� � 2re� NA=A� ��f 2;

where re = 2.812 � 10ÿ15 m, NA is Avogadro's number, A is the

atomic weight and f2 is the imaginary part of the complex atomic

scattering factor, which can be found from tabulated values (Henke et

al., 1993). This gave, for example, an assumed absorption length for

PMMA of 1=� = 1.1 mm at 525.0 eV. A typical dose during an

exposure was approximately 7.0 � 106 Gy for an exposure at liquid-

nitrogen temperature and approximately 3.7 � 106 Gy for an expo-

sure at room temperature. During a spectral scan, a typical dose was

�0.6� 106 Gy. Note that the dose in a spectral scan is still a high dose

even though we widened the X-ray beam to a diameter of �3.6 mm

and used a short dwell time. The short dwell time is also the reason

for the relatively low signal-to-noise ratio in the spectral scan.

2.4. Fitting the spectra

The absorption peak due to the C O bond density was ®tted with

a Gaussian. The height of the Gaussian was later used to quantify the

loss of the C O bond density under radiation. We note here that

although XANES spectra were recorded at doses exceeding 108 Gy

we only used data up to�35� 106 Gy for our analysis, since the ®t of

the C O bond peak for higher doses could not be made with a high

level of certainty.

To determine the mass loss, each spectrum was ®tted with an

average value at the low-energy (528.0±529.5 eV) and at the high-

energy (538.5±540.0 eV) end of the spectrum (Fig. 3). The ratio of the

two average values was used to determine the oxygen mass loss as a

function of dose using differential absorption analysis (EngstroÈ m,

1946).

3. Results and discussion

3.1. Spectroscopic observations

To quantify the loss of the carbonyl group, the heights of the C O

absorption peaks determined from the XANES spectra are plotted

versus the dose in Fig. 4. The data were ®tted according to

BD � BD1 � A exp ÿa=ac� �; �2�
where a is the radiation dose, ac is called the critical dose for the loss

of the C O bond density and BD1 is the remaining C O bond

density after in®nite radiation dose. The ®gure shows both curves for

the PMMA sample at liquid-nitrogen and room temperatures. Table 1

summarizes the ®tting coef®cients obtained.

From the decay rate of the C O bond density at both tempera-

tures it can be concluded that the specimen temperature has no

in¯uence on preserving XANES signatures of the chemical state of

the specimen, at least in this example system.

3.2. Mass loss

The dependence of mass loss on dose is shown in Fig. 4 for both

temperatures. Following Coffey et al. (2002), the mass loss (or loss in

optical density) can be quanti®ed by

OD � OD1 � B exp ÿb=bc� �; �3�
where b is the radiation dose, bc is called the critical dose and OD1 is

the remaining optical density after in®nite radiation dose. The ®tting

coef®cients are also summarized in Table 1. We note here that, for a

con®dent value of OD1 at liquid-nitrogen temperature, more data at
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Figure 2
(a) Coarse area scan at room temperature of a region that was dosed at room
temperature. The square in the middle indicates the mass loss of the dosed
region. (b) Coarse area scan at liquid-nitrogen temperature of the region that
was dosed at liquid-nitrogen temperature. The image shows no visible mass
loss at the dosed region. (c) Same area as that in image (b) but after warming
up the sample; the dosed region becomes visible.

² During a spectrum scan the widened beam will drift slightly off the
previously radiated area as we scan to higher energies. From alignment
measurements we calculate that drift-off effects become important above
534 eV and reach a maximum at an energy of 540 eV, where 10% of the
incident photons will be off the radiated area, corresponding to a systematic
error of 0.1 in terms of the optical density.
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higher radiation doses would have to be collected. However, since the

focus of this report is on spectroscopic limits, we did not investigate

higher radiation doses.

Our critical dose of �18 � 106 Gy at 525.0 eV for the control

experiment at room temperature is in good agreement with the

previously obtained value of 13 � 106 Gy at 317 eV by Zhang et al.

(1995) and 14 � 106 Gy at 315 eV by Coffey et al. (2002). The higher

dose that we obtained in our measurements may be explained in part

by the fact that an additional dose of�0.6 � 106 Gy was estimated to

be applied while acquiring a spectral scan. As we have seen in x2.3,

the dose during a spectral scan is relatively high even though the

beam was defocused. A better quantitative measurement of the dose

should therefore include more exact information on the dose deliv-

ered during such a spectral scan. We also note that the difference may

be due to the fact that a different weighting of molecular dissociations

is obtained at 525.0 eV than at 315 or 317 eV, respectively.

4. Conclusions

We have shown that the C O bond in irradiated PMMA is broken at

comparable rates at liquid-nitrogen and room temperatures. We have

con®rmed that cryogenic sample conditions are extremely effective

for reducing mass loss, as is required for non-atomic-resolution

imaging applications such as nanotomography (Wang et al., 2000;

Weiss et al., 2000). However, cryogenic sample conditions do not have

a measurable affect on the soft X-ray radiation dose sensitivity of

chemical bonds, at least in this model case of XANES spectroscopy of

PMMA with no water present. We note that PMMA is much more

sensitive to radiation damage than many other polymers, and that

there also may be signi®cantly different mechanisms (such as free-

radical formation) acting in the case of hydrated organic molecules.

Further experiments to study radiation-damage effects on hydrated

protein solutions are in preparation.
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