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Abstract

Historical books are often so fragile that they cannot easily be opened in order to read the contents without damaging them.

Current research shows, that industrial X-ray computed tomography (CT) can be used to examine closed historical manuscripts.

However, the effect of X-rays on ancient paper has rarely been studied, making it difficult to assess the impact of CT measure-

ments on fragile historical manuscripts in terms of additional destruction. To address this problem, various types of paper were

exposed to high levels of X-ray radiation in order to examine them for change in optical properties. The investigations showed

increasing yellowing due to the increased radiation energy. However, the severity of the yellowing is strongly dependent on the

composition of the paper.
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1 Introduction

Many old historical documents have been severely damaged by natural ageing processes or additional external influences, so

that they have become very fragile. As a result, they cannot be easily opened and digitized using conventional methods such as

document scanners. Other ways must be found to preserve the old documents so that the cultural heritage they contain is not lost.

Fortunately, metal-based inks were often used in the past (e.g. iron gall ink), which absorb more radiation than the surrounding

paper pages and thus can be visualized. [1]

Current research shows that it is possible to use industrial x-Ray computed tomography (CT) to make old documents legible

again if they were written with ink containing metal [2, 3]. However, it cannot be said with certainty if the old ancient documents

will additionally be damaged by the digitization process using CT. [4]

Strict standardized environmental conditions in libraries, archives and other cultural institutions are responsible for preserving

the common cultural heritage such as ancient documents [5]. Consequently, these institutions are very cautious in handing out

old documents for scanning it with CT, unless they can be sure that new technology will not damage them. However, in previous

CT measurements of historical documents for writing extraction, no visual change in the book pages could be observed. In order

to investigate the initial effects of X-rays on paper, a worst case scenario was carried out and various types of paper were exposed

to the radiation. The aim of these investigations is to examine an influence of X-ray radiation on different paper types in order to

be able to conclude the first signs of accelerated aging of the historical documents.

2 Methods

The examinations were carried out with the industrial computed tomography system Metrotom 1500 from Zeiss, which has

already been used for the examination of historical documents [3]. To create a worst-case scenario, an experiment was carried

out in which the papers were exposed to high radiation energy. The CT used for these experiments has a micro-focus tube limited

to a maximum X-ray voltage of 225 kV (500 W). In order to apply a high but still stable X-ray radiation to the paper, an X-ray

voltage of 200 kV and an X-ray current of 2.5 mA were selected. Due to the inverse square law, the radiation intensity is inversely

proportional to the square of the distance. In order to expose the samples to high radiation, they were placed as close as possible

to the X-ray source. Note that in practice, scanning a book is done in a shorter time, and with lower voltage. Our investigations

showed that the best contrast ratio for iron ink visibility was measured at 30 kV and 3 mA. The measurement time was 1 h for

1800 projections, although this time can be greatly reduced by using fewer projections [3].

In a first experimental setup, three different types of paper were investigated. A handcrafted paper containing cotton cellulose

fibers, a paper made of cotton pulp and a standard white copy paper containing wood cellulose. Each type of paper was cut to

a size of 50 mm x 50 mm and stacked into a pile of five to ten sheets each. The three stacks of different paper grades were

irradiated with 20 mm distance to the X-ray source (see Figure 1a). The irradiation time of the samples was two, four and ten

hours, respectively. This was controlled by a macro that switched the X-ray tube on and off with the predefined parameters for

the set time. In addition, the manipulator did not rotate, so the radiation source irradiated the same area of the paper stack during

the entire measurement time.

After the 10 hour irradiation, the samples were examined hourly for another two to four hours. This allowed us to investigate

whether appearing optical changes such as yellowing disappear after irradiation.
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(a) Illustration and implementation of the vertical test setup, for the examination of page yellowing over time. The aluminum holder is placed

outside the beam path.

(b) Illustration and implementation of the horizontal test setup, for the examination of the page yellowing in relation to the penetration depth.

The clamping is made of Styrofoam.

Figure 1: Implementation of the experimental setup for the irradiation of the paper stacks. On the left: Experimental setup in the

CT, right: Simplified illustration of the setup. The manipulator did not rotate, during the measurement.

Our research has shown that books should be CT scanned horizontally for better handwriting extraction [3]. Accordingly, a

second experiment was realized in which the pages were positioned horizontally in front of the X-ray source (see Figure 1b).

Therefore, the setting parameters and the time were the same as in the first study (same macro), and only the orientation of the

pages was different. In addition to standard white copy paper and the cotton paper, we also scanned handcrafted paper with

cellulose fibers from hemp and linen.
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The tested paper grades

The production of paper has a very long tradition (papyrus since about 3000 B.C., paper as we know since 105 A.D.) and so over

the millennia different materials and technologies have been used to produce paper [6]. Nowadays, there are countless types of

paper in different colors, thicknesses and materials that serve a variety of purposes. Historical papers such as the ones we are

studying were made before the invention of groundwood pulp and mainly contained pulped fibers from suitable material (e.g.

cotton or hemp fibers) [7].

Accordingly, different types of paper, given in Table 1, consisting of different cellulose fibers were used for our tests.

Table 1: List of the different types of paper used in our experiments.

Acronym Name Cellulose fiber Experimental setup

W1 Standard white copy paper Wood vertical, horizontal

W2 High quality machine made paper Wood horizontal

C1 High quality machine made paper Cotton vertical, horizontal

C2 Handcrafted Paper Cotton vertical

H1 Handcrafted Paper Hemp and Linen horizontal

Temperature measurement

During a CT measurement, the temperature directly at the X-ray source can rise significantly. If the paper heats up too much due

to the heat transferred from the source, it may be additionally damaged. For this reason, a temperature measurement was carried

out before the test series with the same conditions as for the subsequent paper stack measurement. The temperature directly at

the X-ray source remained below 65 °C during the 10 hour measurement. The temperature measurement at the location of the

paper measurement (20 mm away from the source) remained below 27 °C during the entire measurement.

If the conservation index of the Image Permanence Institute (IPI) is considered, there is a risk of natural aging over a longer

period of time at an environmental temperature of 27 °C and 50 % relative humidity, but not of mechanical destruction of the

paper. For comparison, the Arnamagnæan Institute in Denmark stores their collection of medieval Icelandic manuscripts at 50 %

humidity and up to 24 °C environmental temperature [5].

Furthermore, according to the studies of C. Shahandi [8], even at a temperature of 60 °C and a relative humidity of 50 %, hardly

any accelerated aging can be observed in 10 hours. Consequently, the temperature during the CT measurement is not expected

to have a significant effect on the aging process or the mechanical stability of the paper stack.

2.1 Evaluation method

In order to visualize an optical change of the irradiated pages over time, they were exposed to radiation in a defined setup and

compared against a reference sample. Therefore, each page of the irradiated paper stack was placed next to a reference sample

that was from the same paper, but not exposed to X-rays and digitized with a camera. The pictures in raw format were taken

with a full-frame DSLM (Digital Single Lens Mirrorless) camera and constant settings. The DSLM camera used is a Canon

EOS-R body (Dual Pixel CMOS AF Sensor with 30.3 MP) with a Canon EF 50 mm f/1.8 STM lens (fixed focal length with a

low chromatic aberration). The images were taken with aperture f/7 (low image distortion/vignetting), shutter speed 1/50 s as

well as 1/160 s and ISO 100 (low noise). To obtain a defined light setup, both sheets were illuminated with a constant ring light

of 4000 K (neutral white). The white balance in the camera settings was also set to this value.

After digitization, the ADH demosaicing algorithm was applied to the images [9] to turn raw sensor data into red, green and

blue channels with fully-controlled settings. For this, we used the rawpy Python library [10], thus ensuring the replicability of

this process. The reference sample ensured that an optical comparison with the previous measurement was possible even under

fluctuating light conditions. The comparison is done by computing the average of the red, green and blue channels of relevant

parts of the test and reference samples, and comparing them. These parts are selected automatically by detecting the borders of

the samples.

The detection of the borders of a sample in a region of the image is done as follows: First, we select an area surrounding the

considered region (e.g., a rectangle going across the whole image). Second, we average the luminosity of the pixels along the

same axis as the borders which we want to detect, and thus obtain a one-dimensional array. Third, we apply a median filter with

a kernel size of 31 pixels (equivalent to roughly 0.75 mm) to smooth the array, and compute the absolute difference between this

filtered array and the original array. And, fourth, we use the find_peaks method from the software environment SciPy to detect

peaks in this resulting array and keep the ones with the highest intensity.

Evaluation of the vertically irradiated pages for time measurements

For papers that have been irradiated in an orthogonal direction (such as in Figure 2b), a square of 6 mm side length in the paper

center was chosen for evaluation. The size of this square was chosen to be completely within the irradiated zone, even if this
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zone is not perfectly centered. It also contains a sufficient number of pixels (≈16,000) so that we can obtain a clean signal out

of a single page. Indeed, as it can be seen in Figure 2b, the color difference due to the irradiation is very close to the electronic

noise of the sensor, and therefore using only a few pixels would not allow to distinguish anything clearly.

Evaluation of the horizontal irradiated pages for penetration depth measurements

For papers that have been irradiated from the side (such as in Figure 2c), The evaluated area is a stripe that starts from the side

of the sample and has a height of 10 mm and a width of 36 mm. As the yellowing is rather low, especially near the center of

the sample, the signal-to-noise ratio is rather low. For this reason, average the color values of the columns of this stripe, and

then average the obtained result over all leaves for one type of paper. Moreover, to further reduce the noise of the curves, we

convolve them with a mean filter with a kernel size of 51 values (corresponding to a radius of 0.6 mm), followed by a median

filter with a kernel size of 3 to remove outliers. Thus, so far, we have three lists, one for each color channel, containing each one

value per pixel along the width of the stripe. Also, as the stripe covers a larger surface than the square extracted on the vertically

irradiated papers, we cannot assume that the light is perfectly homogeneous. For this reason, we normalize the stripe values using

a measurement, m0, which was done before the irradiation. First, we process m0 as described above. Then, for each channel of

m0, we subtract its minimum value and thus obtain the deviation due to the inhomogeneity of the light. In other words, we offset

the red, green, and blue values of m0 such that the smallest value for each color is equal to 0. Finally, we subtract this deviation

from the irradiated samples.

The code used for analyzing our data is open-source, and available on Github [11]. This repository also contains a link to the raw

data which we produced.

(a) Example of a paper irradiated from the top

for 10 hours.

(b) High-contrast version of Figure 2a. The

irradiated area is well visible.

(c) High-contrast image of a paper irradiated

from the side for 10 hours.

Figure 2: Illustration of the data acquired with the camera. The first image is a crop showing a paper irradiated for 10 hours; the

yellowing is visible in the center. High-contrast versions of these images (manually produced for illustration purpose only) show

better where the X-rays have changed the paper color. The third image is a crop of a sample irradiated from the side.

3 Results

In all measurements, a color change of the samples due to irradiation was visible, which subsequently recovered. The graphs

presented show the extracted RGB color values from the image data compared to the reference data. A shift in all color values

indicates a change in brightness, while a change in colors in relation to each other indicates a change in color. Thus, low blue

values indicate a more yellowish color, since the dominant color then consists of a majority of red and green. Since the focus

of this study is on the influence of X-ray radiation on historical documents, the evaluation concentrates primarily on paper with

cotton pulp. The graph (Figure 3a) shows the evolution of the individual RGB-color values (intensity of red, green and blue

channels) for sample C2 (cotton pulp) for the first page of the stack over time. Note that the irradiation was stopped after

10 hours, and the page regained some whiteness. Based on the color values, a clear discoloration of the paper to a darker yellow

color value can be shown after 10 hours of irradiation. Looking at the paper for another two hours, a significant decrease in

discoloration can be observed. An additional yellowing coefficient (function F) combining the three color channels was added to

the plot for two reasons. First, it allows to determine how the color of the paper evolves, independently of its brightness. Second,

a single curve for each sample allows to provide a better comparability between paper types. The coefficient is formed from the

quotient of the mean value of the color values red and green and the color value blue. In other words, F(r,g,b) = r+g
2·b , where

r, g, and b correspond to the red, green, and blue values. This also makes it possible to assess color change independently of

brightness. Accordingly, F(r,g,b) = 1.00 correspond to the color white, while F(r,g,b) > 1.00 tend to a yellowish color and

F(r,g,b)< 1.00 to a bluish color.
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The intensity of the color change can be determined by the gradient of F. The vertical offset of the F curves from each other is

also related to the paper color, which varies slightly due to the different ingredients. Figure 3b shows the yellowing coefficient

F of different paper types after the 10 h measurement with subsequent recovery. Similar yellowing behavior can be observed in

both measurements with cotton cellulose. While the paper with wood pulp tends to more yellowing. Despite varying degrees of

yellowing, a decrease in discoloration can be observed in all curves after irradiation.

Looking at the horizontally irradiated paper, a clear cone shaped yellowing (caused by the cone beam of the CT) can be seen in

the area of radiation entry, which fades out into the interior of the paper (Figure 2c). This effect can also be shown in the results

of the measurement (Figure 4). All papers types show a yellowing at the paper edge after 10 hours, which decreases continuously

with increasing penetration length until it is hardly detectable anymore. Thereby, as already shown in the result of the yellowing

measurement over time (vertical measurement, Figure 3b), the measurements with papers made of wood pulp show the strongest

tendency to yellowing after 10 hours of irradiation compared to the papers with cotton or hemp and linen cellulose (Figure 4a).

The results in Figure 4b show the yellowing of the different paper types 4 hours after 10 hours of irradiation in the horizontal

measurement. Also in this figure it can be clearly seen that the discoloration strongly decreases and after 4 hours of recovery

time can only be seen in the near entrance area of the X-ray images.

(a) Color variation of page one, paper C2, over time. The X-ray

source is turned off after 10 hours.

(b) Color variation of page one, different papers, before the irra-

diation, and after the irradiation.

Figure 3: Variation of the colors for different measurements. In (a), the paper C2 has been irradiated vertically for 10 hours,

and then left 2 hours for recovery. Values are normalized with regard to the reference sample. Yellowing is characterized by a

higher intensity of green and red, therefore we also plot the quotient of blue and the mean value of red and green as the yellowing

coefficient F described in Section 3. Plot (b) depicts the yellowing for three kinds of papers in the same fashion as in (a).

(a) Measures made immediately after a 10 hours lateral irradiation. (b) The same samples as in (a), 4 hours after the end of the irradi-

ation.

Figure 4: These two plots indicate how the paper gets yellow when irradiated in the horizontal position, i.e., from the side. The

x axis corresponds to the distance from the irradiated side of the paper sample, and the y axis to the yellowing coefficient F

described in Section 3. We can see in Figure (b) that all paper types did recover some whiteness.
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4 Discussion

Our research indicates that X-ray radiation can cause yellowing of paper. However, this is dependent on the level of the applied

radiation energy and the type of the paper. From the results it can be concluded that the more X-ray radiation the paper absorbs,

the more yellowing seems to occur. Andrady et al. [12] have also observed similar behaviour to mechanical pulp and resumes

that the change in yellowness index is a linear function of light intensity at a given wavelength. According to Liu et al. [13], the

degradation of paper can depend on various factors such as temperature, oxygen, humidity or even ambient light. The influence

of ultraviolet radiation (UV) can have a major effect on paper and has been studied extensively in the field of photochemistry.

Thus, light of different wavelengths, especially in the UV range, can lead to a shift in the reflectance spectrum, which is due to

the photooxidation behavior of cellulose.

Since short wavelength tends to cause photoyellowing (λ < 385 nm) [14], we assume that X-ray radiation lead to a shift in

the color spectrum towards a yellowing of the paper pages. However, not all radiation causes yellowing of paper. Depending

on the wavelength of the light applied to the paper, also photobleaching can been observed. Kirschner et al. [15] for example,

use high-performance LED lamps to bleach yellowed paper. Considering the horizontal measurement, a clear decrease of the

yellowing with increasing penetration length can be observed. This is possibly due to the fact that X-rays inside the paper stack

are attenuated by the components of the paper pages. Thus, the yellowing only occurs in the outer area of the specimens. This

is clearly visible in Figure 2c. For example, if the pages of a 10 hours measurement are considered, a slight yellowing can be

seen in the marginal area, but this is hardly noticeable after a few centimeters of transmission length. Accordingly, the book

edges would turn yellow for a few hours during a CT scan for page extraction with the same comparably high radiation energy.

However, the ink would probably not be affected, as these are usually located with a lateral distance in the middle of the book

pages.

As a further outcome of this study, it could be shown that the yellowing of the paper under X-ray radiation depends on the com-

position of the paper. The results show in both the horizontal and vertical measurements that paper with cotton cellulose causes

less yellowing than paper with wood cellulose. Furthermore, paper made from hemp and linen fibers showed a low yellowing

tendency similar to cotton cellulose. The stronger yellowing of paper with wood cellulose could be caused by the lignin, which

is contained in the groundwood pulp. According to T. Q. Hu [16], there is a general assumption that photooxidation of lignin

leads to yellowing of the paper on its surface. However, recent research has disproved the assumed significant influence of lignin

on the aging of paper [17].

Apart from lignin, there are many other factors in industrially produced paper from groundwood pulp, that could also have an

influence on the yellowing of paper. In addition to fillers, dyes and chemical additives for better drainage of the pulp on paper

machines, aluminum sulfate is also used to increase the low stability of groundwood paper due to the crushed wood fibers. The

use of aluminum sulfate or the acidic environment in which the paper is produced could also be responsible for accelerated aging

of paper [17]. However, the mechanism of photoyellowing has not yet been fully understood [16]. Accordingly, it is not possible

to say with certainty why paper made from wood pulp shows more yellowing when irradiated with X-rays than paper made from

other pulps. For our investigations, however, the focus is on historical documents. These documents were produced almost en-

tirely in high-quality raw cellulose material made of hemp, linen or cotton. This is because the lower-quality wood cellulose was

only increasingly used in the second half of the 19th century [18]. Accordingly, it is assumed that CT scans to extract the writing

(which, as described, requires very low radiation energy relative to the experiments made) should hardly cause any yellowing of

the paper pages.

5 Conclusion

There are big differences between the paper used then and now. Old historical documents were mostly made of hemp, linen or

cotton, which makes them of higher quality compared to today’s papers made of wood pulp. Moreover, surviving documents are

typically the most expensive ones – and made with the highest quality paper available. Accordingly, they are also less susceptible

to optical changes during CT examinations.

Although the high radiation energy caused yellowing of the paper pages over a longer scanning time, papers with hemp and linen

or cotton cellulose showed a reduction in discoloration within a few hours. Apart from the fact that books are rarely exposed

to such high radiation levels during CT scans for character extraction, the book rotates 360 degrees during the measurement,

resulting in even lower radiation exposure in the border area. Accordingly, no damage is expected to occur as a result of CT

scanning for text extraction of a well-preserved historical book.

The raw sensor data and the source codes to analyze are published respectively on Zenodo [20] and Github [11].
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[18] M. Strlič, J. Kolar, Ageing and stabilisation of paper, National and University Library, Michigan, 2005.

[19] A. Mosca Conte, O. Pulci, A. Knapik, J. Bagniuk, R. Del Sole, J. Lojewska, M. Missori4, Role of Cellulose Oxidation in

the Yellowing of Ancient Paper, Physical Review Letters, 108 p. 158301, 2012.

[20] P. Zippert, M. Seuret, Sensor data, Zenodo, 2021. [Online]. Available: https://doi.org/10.5281/zenodo.5839000

[Accessed: 11-Jan-2022].

7


