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neutron radiography, neutron computed tomography, reactor source, neutron imaging, image 44 

data reconstruction, visualization, detectors, biological samples 45 

 46 

SUMMARY: 47 

This manuscript describes a protocol for neutron radiography and computed tomography of 48 

biological samples using a High Flux Isotope Reactor (HFIR) CG-1D beamline to measure a metal 49 

implant in a rat femur, a mouse lung, and an herbaceous plant root/soil system. 50 

 51 

ABSTRACT: 52 

Neutrons have historically been used for a broad range of biological applications employing 53 

techniques such as small-angle neutron scattering, neutron spin echo, diffraction, and inelastic 54 

scattering. Unlike neutron scattering techniques that obtain information in reciprocal space, 55 

attenuation-based neutron imaging measures a signal in real space that is resolved on the order 56 

of tens of micrometers. The principle of neutron imaging follows the Beer-Lambert law and is 57 

based on the measurement of the bulk neutron attenuation through a sample. Greater 58 

attenuation is exhibited by some light elements (most notably, hydrogen), which are major 59 

components of biological samples. Contrast agents such as deuterium, gadolinium, or lithium 60 

compounds can be used to enhance contrast in a similar fashion as it is done in medical imaging, 61 

including techniques such as optical imaging, magnetic resonance imaging, X-ray, and positron 62 

emission tomography. For biological systems, neutron radiography and computed tomography 63 

(CT) have increasingly been used to investigate the complexity of the underground plant root 64 

network, its interaction with soils, and the dynamics of water flux in situ. Moreover, efforts to 65 

understand contrast details in animal samples, such as soft tissues and bones, have been 66 

explored. This manuscript focuses on the advances in neutron bioimaging such as sample 67 

preparation, instrumentation, data acquisition strategy, and data analysis using a High Flux 68 

Isotope Reactor (HFIR) CG-1D beamline. The aforementioned capabilities will be illustrated using 69 

a selection of examples in plant physiology and biomedical applications. 70 

 71 

INTRODUCTION: 72 

The principle of neutron radiography (nR) is based on the attenuation of neutrons through the 73 

matter that they traverse. Unlike X-rays that are scattered by the electron cloud of an atom, 74 

neutrons can be absorbed or scattered by its nucleus. Neutrons are sensitive to light elements, 75 

such as hydrogen (H), and can consequently be used to radiograph biological applications such 76 

as imaging of animal1–7 or human tissues8,9 and below-ground soil/root systems10–15. Neutron 77 

imaging is a complementary technique to X-ray imaging, which is capable of detecting heavy 78 

elements16–18. Attenuation-based nR is governed by the linear attenuation coefficients of the 79 

materials within the sample and by the thickness of the sample, as described by the Beer-Lambert 80 

law, which states that the transmitted beam is directly proportional to the amount of material 81 

and the path length through the material. Thus, the transmittance, T, can be calculated as: 82 

 83 

𝑇 =  
𝐼

𝐼0
= 𝑒−𝑥 (1) 84 

 85 



 

where I0 and I are, respectively, the incident and transmitted beam intensities; µ and x are the 86 

linear attenuation coefficient and the thickness of a homogeneous sample, respectively. The 87 

attenuation coefficient µ is given by: 88 

 89 

 =  
𝑁𝐴

𝑀
 (2) 90 

 91 

where  is the sample’s neutron attenuation cross-section (both scattering and absorption),  is 92 

its density, NA is Avogadro’s number, and M is its molar mass. 93 

 94 

Contrast in radiography of biological samples using low-energy neutrons (i.e., energies below 0.5 95 

eV) is mostly due to a change in the density of H (for a fixed sample thickness). This is due to the 96 

probability of interaction of a neutron with the H nucleus, which is greater than with other nuclei 97 

present in biological samples, and the fact that the density of the H atom is paramount as it is 98 

the most abundant atom in biological samples. 99 

 100 

Since its early stages, nR and neutron computed tomography (nCT) have been extensively used 101 

for materials and engineering applications19–23. The first demonstration experiments of neutron 102 

sensitivity to H in biological samples began in the mid-1950s24 with the measurements of plant 103 

specimens. The work continued through the 1960s with, for example, the radiography of a human 104 

chest25 or rats26, in which the use of contrast agents, such as gadolinium oxide (Gd2O3), was 105 

explored. Moreover, it was hypothesized that contrast in human tumor tissue versus normal 106 

tissue was due to a local increase in H content. During these initial trials, it was concluded that 107 

increased neutron flux and spatial resolution would improve the quality of nR and would likely 108 

increase its popularity as a complementary technique for industrial or biomedical applications. 109 

The most recent studies comprise nR and nCT measurements performed on cancer tissue 110 

specimens1 and sections of animal organs2,3,27 for biomedical and forensic applications. 111 

 112 

Located at the Oak Ridge National Laboratory, Oak Ridge, TN, the HFIR is a powerful neutron 113 

source that produces neutrons by fission reaction. These neutrons have energies in the order of 114 

2 MeV and are “cooled” in the reactor pool by kinetic reactions with heavy water to reach 115 

energies in the order of 100–300 eV. The optimization of a neutron experiment, whether 116 

scattering or imaging, starts with the understanding of the neutron source and beamline 117 

properties such as its beam intensity and energy distribution and the effect of background (fast 118 

neutrons, delayed neutrons, gamma rays). In the HFIR cold guide hall where the imaging 119 

beamline is located, neutrons are further “cooled” by kinetic interactions with a liquid H 120 

moderator. They are then transported in a curved guide system away from the line of sight of the 121 

source, thus eliminating fast neutrons and gamma pollution. As illustrated in Figure 1, the CG-1D 122 

neutron-imaging beamline28,29 is placed on a cold guide, implying that the neutron energy range 123 

varies from a few meV to a few tens of eV (in this case, the corresponding usable neutron 124 

wavelength ranges from 0.8 to 10 Å) with a flux in the range of 107 n/(cm2∙s) at the sample 125 

position. 126 

 127 

Finally, neutrons that have not interacted with the sample are collected in a beam stop position, 128 



 

approximately 1 m downstream from the detector system to minimize background noise. The 129 

CG-1D beam stop is 0.75 m wide, 0.5 m tall, and 35 mm thick and is made of boron carbide in 130 

epoxy. The beam stop is reinforced with 10 mm of 95% enriched lithium carbonate (6Li2CO3) in a 131 

fire-resistant epoxy where the neutron beam hits, with a cavity lined with 6Li, Pb, and steel 132 

designed to contain the high rate of secondary gamma rays. The beam stop is directly attached 133 

to the steel shielding wall of the beamline. A photograph of the CG-1D beamline is given in Figure 134 

2. 135 

 136 

This manuscript aims to demonstrate the procedure of using neutron imaging (nR and nCT) at 137 

the High Flux Isotope Reactor (HFIR) CG-1D beamline. This study also illustrates the current state-138 

of-the-art nR and nCT capabilities for biological samples, specifically a mouse lung, a rat bone, 139 

and plant root/soil systems. The mouse lung was chosen to illustrate the complementarity of 140 

neutrons to measure the lung tissue, whereas X-rays are mostly sensitive to bones. The bone 141 

sample, a rat femur, had a titanium (Ti) implant, thus illustrating the contrast between the bone 142 

and the metal, and the opportunity to see the bone/metal interface (which is difficult to measure 143 

with X-rays as metals strongly attenuate them4). Finally, the plant-root water system illustrates 144 

the three-dimensional (3D) capability of nCT to measure root/soil systems in situ. It additionally 145 

shows the advantages/disadvantages of using nR for biological samples. Evidently, this method 146 

can be safely used to measure water dynamics in a plant-root system, but cannot be considered 147 

as a live animal and human imaging technique due to the risks associated with radiation 148 

exposure, thus limiting studies to either (dead) mice or pathology-like measurements wherein, 149 

for example, a tissue sample is resected from a patient (animal or human) and prepared by 150 

fixation before being measured in a neutron beam. 151 

 152 

PROTOCOL: 153 

 154 

1. Instrument setup (see Figure 3, section 3) 155 

 156 

1.1. On the beamline computer, open a terminal window, type css, and then press Enter to 157 

launch the user interface. 158 

 159 

1.2. If not opened by default, choose the User Home option in the Menu tab to open the 160 

Experimental Physics and Industrial Control System (EPICS) Imaging Interface. 161 

 162 

1.3. Using the first tab (called Proposal/Camera/SE Device) of the interface, select the 163 

beamline optics by clicking on the Optics button next to Camera/Detectors, i.e., the pinhole 164 

aperture size and opening of the slit system by clicking on the Slits button. 165 

 166 

1.4. Bolt the rotation stage onto the XY stages, where the sample is to be placed, and position 167 

the detector (sCMOS or CCD). 168 

 169 

1.4.1. For the CCD or the sCMOS detector, select the lens with the magnification that provides 170 

the desired spatial resolution and focal length, in consultation with the instrument team. Using 171 

light first, focus the camera by either moving the detector closer or further from the mirror, or 172 



 

by manually tuning the lens at a fixed detector position. Focus the image at the location of the 173 

neutron scintillator. 174 

 175 

1.4.2. For the CCD or the sCMOS detector, fine-tune the lens focus with neutrons using a neutron-176 

absorbing resolution mask30 placed against the detector scintillator. Collect successive 177 

radiographs using different settings (i.e., different detector positions from the mirror automated 178 

by moving the detector motor in EPICS). 179 

 180 

1.4.4. Compare radiographs by evaluating line pairs in ImageJ/Fiji31 or a similar image software 181 

tool. 182 

 183 

1.5. When appropriate, secure the sample in a suitable container (Al container and/or Al 184 

heavy-duty foil), placing the sample on the rotation stage as close as possible to the detector. 185 

Shield the detector and equipment using neutron (boron rubber) and gamma (Pb bricks) 186 

shielding. 187 

 188 

1.6. Measure the sample-to-detector distance, and remove the sample. Replace it with the 189 

resolution mask to evaluate the pixel size at sample position in this beamline configuration. Using 190 

a known feature dimension, evaluate the number of pixels across the feature to determine the 191 

pixel size. 192 

 193 

1.7. Reposition the sample on the rotation stage. 194 

 195 

1.8. Using the EPICS interface and the Align Sample tab, align the sample with the neutron 196 

beam by taking successive fast (ms to 1 s) radiographs while the sample is moving until it is in full 197 

view of the detector. Save the sample alignment file, which will be reused before the CT scan 198 

starts. 199 

 200 

1.9. Before starting the CT scan, use the automated CT Alignment Check option (in the 201 

Alignment tab) to verify that the sample remains in the field-of-view at different angles by 202 

assessing radiographs as they are generated at different sample orientations with the beam. 203 

 204 

2. Specimen preparation and data acquisition strategy 205 

 206 

2.1. Rat femurs 207 

 208 

2.1.1. Implant Ti6Al4V rods (1.5 mm diameter and 15 mm length) into the femurs of male 209 

Sprague-Dawley rats, placing them within the intramedullary space through the distal femoral 210 

condyles. 211 

 212 

2.1.2. Sacrifice the rats after 12 weeks, and harvest the femurs. Remove all soft tissue (which 213 

contributes to neutron attenuation), and freeze the femurs with implants in saline-soaked gauze. 214 

Fully submerge 2-inch squared gauze sponges in phosphate-buffered saline (PBS), and wrap each 215 

sample fully in these soaked sponges (see the Table of Materials). 216 



 

 217 

2.1.3. Thaw the femurs to room temperature for X-ray-based microCT scans324, before 218 

transporting them in a frozen state to the HFIR. 219 

 220 

2.1.3.1. Prior to nCT, rethaw the sample, and bring it to room temperature at the HFIR 221 

Biohazard Safety Level 2 (BSL2) laboratory located close to the CG-1D neutron imaging beamline. 222 

Once at room temperature, wrap the sample in heavy-duty Al foil and place it in an Al cylinder. 223 

 224 

2.1.3.2. Position the cylinder vertically on the rotation stage at the beamline, and scan the 225 

femur at the beamline at room temperature from 0 to 360°, with a stepping angle of 0.25°. 226 

Acquire each radiograph for 50 s. 227 

 228 

NOTE: Considering dead time for the rotation stage movement and transfer of each radiograph 229 

from the CCD to the data acquisition computer, the total time of the scan was approximately 24 230 

h. 231 

 232 

2.1.4. Once the nCT is completed, bring the sample back to the BSL2 lab, remove the 233 

containment, and refreeze the sample to preserve it for further experimental measurements. 234 

 235 

2.2. Mouse lungs 236 

 237 

2.2.1. Resect lung tissue from a dead mouse used for experiments unrelated to this study. Fix 238 

the sample in a solution of 70% ethanol prior to the neutron experiments. 239 

 240 

2.2.2. Wrap the tissue in heavy-duty Al foil and transport it from the BSL2 lab directly to the CG-241 

1D beamline. Insert the sample in an Al cylinder for double containment and to maintain the 242 

sample position in the beam during the nCT scan. 243 

 244 

2.2.3. Position the sample close to the CCD, and perform the scan overnight at room 245 

temperature. 246 

 247 

NOTE: Each radiograph was 150 s, and the rotation stepping angle was 0.5°, from 0 to 182°. The 248 

total time for the scan was around 16 h. 249 

 250 

2.3. Herbaceous plant root/soil system 251 

 252 

NOTE: As with other biological samples, plant-soil systems are limited in size due to the strong 253 

attenuation of hydrogen, particularly water in the soil or plant roots. Seeds or ramets may be 254 

planted in containers (Al or quartz—both having low neutron attenuation cross-sections), or a 255 

more mature plant can be transplanted into a container. 256 

 257 

2.3.1. Carefully excavate and transplant a local herb growing onsite (here, mulberry weed 258 

(Fatoua villosa (Thunb.) Nakai) into an Al container of cross-section of 2.38 cm x 2.58 cm, a height 259 

of 6.3 cm, wall thickness of 0.055 cm, and containing pure sand (SiO2). 260 



 

 261 

2.3.2. Rinse the plant roots with deionized water, and carefully display them within the Al 262 

container while filling the container with a slurry of wet sand. 263 

 264 

NOTE: When filling containers with soil, it is important to use wet soil, as dry soil will separate 265 

out by particle size and create textural artifacts in the containers12,13. 266 

 267 

2.3.3. After planting, measure the saturated weight of the plant system, and weigh the plant 268 

system every day to assess the rate of water use. Apply water either to the top surface of the soil 269 

or through a port or hole at the bottom of the container using a tube or syringe. 270 

 271 

NOTE: Here, the plant system was placed on a scale, and water was applied to the top each day 272 

to replace daily water use based on weight. Water can be withheld prior to imaging to reduce 273 

soil water content and enhance contrast in the roots. 274 

 275 

2.3.4. Propagate the plant system in an onsite growth chamber with controlled temperature 276 

and light12. Maintain the plant system for 1 week prior to imaging to allow for plant root 277 

acclimation to the Al container. 278 

 279 

NOTE: Once imaging begins, do not water the plant. 280 

 281 

2.3.5. Perform the nCT scans in ~1.75 h each, and continuously scan over a period of 2.5 days to 282 

map dynamic 3D changes in soil and plant water content. For these measurements, decrease the 283 

spatial resolution to a few hundred m in favor of time resolution (i.e., faster acquisition time for 284 

each projection). 285 

 286 

NOTE: Each CT scan was performed with a rotation angle of 0.93° and an acquisition time of 10 s 287 

per projection. For the purpose of this manuscript, only the first CT scan is presented. 288 

 289 

3. Data acquisition 290 

 291 

NOTE: The data acquisition system at CG-1D utilizes the Experimental Physics and Industrial 292 

Control System (EPICS) software environment33. These protocols were approved by the 293 

University of Tennessee’s Institutional Animal Care and Use Committee for the mouse lung and 294 

the Rush University Medical Center Institutional Animal Care and Use Committee for the rat 295 

femur. The EPICS data acquisition protocol is as follows (Figure 3). Once the detector and 296 

beamline optics are set on the right side of the interface, sample environment (SE) and rotation 297 

stages (for CTs) can be selected. 298 

 299 

3.1. Select the first EPICS tab titled Proposal/Camera/SE Device. Click on the Switch Proposal 300 

or Sample button. Select the project number and sample ID# to be measured in the List of 301 

Proposals (left) and Sample (right) that have replaced the previous tab. 302 

 303 

3.2. Use the back arrow to come back to the main EPICS interface. Select the detector to be 304 



 

used (sCMOS or CCD) by choosing one of the four available detectors (Andor CCD, Andor sCMOS, 305 

SBIG CCD, or MCP) in the Camera/Detector option list. 306 

 307 

NOTE: The SBIG CCD is used for testing by the instrument and can be ignored for the present 308 

manuscript. 309 

 310 

3.3. Select the rotation stage to be used in the Sample Environment Device section. 311 

 312 

3.3.1. First, click on Rotation Stage (CT Scan) in the Sample Environment Device list. Then, 313 

select one of the rotation stages (which corresponds to the sample to be scanned). 314 

 315 

3.4. Finally, at the bottom of the tab, select the Data Acquisition Mode. In this case, select 316 

the first option, White Beam. 317 

 318 

NOTE: The mode of acquisition is either white beam (taking the whole range of neutron 319 

wavelength) or monochromatic at the CG-1D beamline. 320 

 321 

3.5. Select the second EPICS tab titled Align Sample. Type a sample file name, and press Enter. 322 

Repeat the process for the sub folder name. 323 

 324 

NOTE: The EPICS interface is programmed to automatically save data in the proper experimental 325 

directories, which the in-house reconstruction software uses to produce 2-dimensional (2D) 326 

slices of the 3D object under investigation. The second tab, Align Sample, allows the alignment 327 

of the sample using radiographs that are a few seconds only as these radiographs are not used 328 

later for data processing and analysis. Once all motors are positioned properly, their positions 329 

can be saved in a .csv file format; thus, each sample alignment has its corresponding .csv file that 330 

can be called back to position the samples for CT scans at a later time. 331 

 332 

3.6. Skip the alignment of the three motors, i.e., assume that the sample is aligned and ready 333 

for CT. Select a desired acquisition time, and click on the Take Quick Images button. Collect a 334 

series of radiographs with different acquisition times to evaluate signal-to-noise ratio (SNR). 335 

 336 

3.7. Open ImageJ/Fiji; drag and drop the different radiographs. Plot a profile going from the 337 

sample to an open area; evaluate SNR. 338 

 339 

3.8. If multiple samples are set on the XY stage (multiple rotation stages, each for one sample), 340 

record each sample position after alignment, and save the data as .cvs file by clicking on the Save 341 

in a File button. 342 

 343 

3.9. Select the third EPICS tab titled Collect Data to set up the CT scan parameters. Type a file 344 

name on the first writable line, and press Enter. Repeat for the sub-folder name. 345 

 346 

NOTE: The layout of the Collect Data tab depends on the selection of a series of time-elapsed 347 

radiographs (no SE) or CT scans (selection of a rotation stage) in the first tab. 348 



 

 349 

3.10. In the Align Sample Using the Saved File section, select the file that previously recorded 350 

the sample motor positions (step 1.8). Use the Recently Saved Files to browse through the 351 

recently saved sample alignment files. Click on Align Using File to make the sample go back in 352 

position in the neutron beam. 353 

 354 

3.11. Calculate the number of projections required for the CT based on Nyquist’s sampling 355 

theorem. Calculate the number of pixels across the sample horizontal dimension, and multiply 356 

by 1.5 to obtain the number of needed projections to fulfill Nyquist’s sampling. 357 

 358 

3.12. Enter the Rotation Start Angle (usually 0°), Rotation End Angle (usually 180°), Rotation 359 

Step Size, the Number of Images per Step (usually set to 1), and the Exposure time for each 360 

image. Start the CT scan by clicking on the Collect Data button. 361 

 362 

4. Volume reconstruction and data processing/analysis 363 

 364 

NOTE: All CG-1D software tools for data normalization, reconstruction, and analysis are available 365 

on the ORNL facility’s Python repository and on the facility’s analysis servers. For 2D 366 

measurements, pre-processing can be done using Jupyter Python notebooks34. An illustration of 367 

a notebook is available in Figure 4. 368 

 369 

4.1. Log on to the Linux analysis server using the username and password. Open the web 370 

browser, and type jupyter.sns.gov. 371 

 372 

4.2. Open the python Jupyter notebook named iMARS3D. Run the first few lines of the code 373 

(which loads the tools necessary to run iMARS3D). Load data, flat, and dark field. Verify that all 374 

the three data sets are properly loaded. 375 

 376 

4.3. Proceed with cropping the data, filtering (as necessary), normalization (with automated 377 

sample tilt correction), and volumetric reconstruction (a long process). Save the data in the 378 

project number folder named Shared. After turning on AMIRA35, which is also available on the 379 

facility analysis servers, load the reconstructed slices in the software, and proceed with 380 

visualization, further filtering, and analysis. 381 

 382 

REPRESENTATIVE RESULTS: 383 

A custom-designed interface was developed to guide the experimental protocol and minimize 384 

human error; this interface logically steps through the different necessary steps prior to 385 

measuring a sample. As illustrated in Figure 3, the interface is divided in three major sections: 386 

left, center, and right. The left section provides a status of the ongoing experiment, along with 387 

motor positions and experimental details (sample information, proposal number, and team 388 

members). Each experiment is associated with a proposal number and one or multiple samples. 389 

Proposal information, such as team members and selected sample name, are also available on 390 

the right side (first tab named Proposal/Camera/Sample Environment Device). The center 391 



 

section comprises the current radiograph with a dynamic range scale bar on the side, along with 392 

status and log information below the image. 393 

 394 

Figure 5A is a photograph of a representative rat femur of similar size as the one measured; 395 

Figure 5B,C represent the nCT of a rat’s femur with the Ti implant. Figure 5A shows the false color 396 

attenuation-based nCT of the femur, while Figure 5B represents a diagonal cut through the bone 397 

with the same orientation as in Figure 5A to reveal the Ti implant (in gray scale) resembling an X-398 

ray medical CT. This implant does not interact with neutrons as much as the bone material; thus, 399 

its attenuation is minimum, and it appears darker (i.e., less attenuating) than the surrounding 400 

bone. Trabecular bone, which is present within the medullary space of the femur, is clearly visible 401 

at the proximal end of the sample (red arrows in Figure 5B). 402 

 403 

Figure 6A,B show representative photographs of the ethanol-fixed mouse lung, in two different 404 

positions, used for nCT to demonstrate the ability of neutrons to detect soft tissue specimens. 405 

The reconstructed volume of the mouse lung obtained from nCT are shown in Figure 6C,D, 406 

positioned in a similar fashion as Figure 6A,B. A cut through the right lobe of the lung is illustrated 407 

in Figure 6E. Despite the relatively small size of the sample, neutron sensitivity is clearly 408 

demonstrated by a detection of structure of lung at ~75 µm spatial resolution. As expected, the 409 

range of attenuation is quite broad, with a large portion corresponding to a low to medium 410 

neutron attenuation as lungs have a sponge-like structure containing air. 411 

 412 

Figure 7A shows a photograph of the plant sample, while Figure 7B represents the false color 413 

volumetric rendering of the plant root/soil system in a rectangular Al container (which is not 414 

visible because Al is mostly transparent to neutrons). Compared to the previous data sets, SNR is 415 

poorer, as expected, as the data were acquired faster to track the dynamic movements of water 416 

uptake in the root in 3D over 2.5 days. Thus, each CT scan was optimized to be measured within 417 

a ~1.75 h window. Despite poor SNR, the root system in soil is clearly visible in the vertical cuts 418 

of the sample displayed in Figure 7C,D in false color. 419 

 420 

FIGURE AND TABLE LEGENDS: 421 

 422 

Figure 1: Schematic drawing of the HFIR CG-1D neutron imaging beamline. The imaging beam 423 

is defined by the aperture system that defines a cone beam geometry. The beam is transported 424 

via a He-filled flight tube with beam scrapers to remove unwanted stray neutrons. A borated 425 

rubber liner inside the flight tube decreases background from neighboring beamlines. 426 

Abbreviations: HFIR = High Flux Isotope Reactor; He = helium; L = distance from the pinhole 427 

aperture of diameter, D, and the detector. 428 

 429 

Figure 2: The CG-1D neutron imaging facility at the High Flux Isotope Reactor. The photograph 430 

shows, front right to left, the flight tubes, sample area, and beam stop. The neutron beam is 431 

coming from the right side of the photograph. The flight tube has been signed by the scientific 432 

and industry research community that utilize the instrument. 433 

 434 

Figure 3: EPICS interface. The CG-1D EPICS interface is divided into three sections: the status 435 



 

section (left), the display area (in this example, a raw radiograph of a brass nautical sundial), and 436 

the parameter input for 2D and 3D imaging. Abbreviations: EPICS = Experimental Physics and 437 

Industrial Control System; 2D = two-dimensional; 3D = three-dimensional. 438 

 439 

Figure 4: A screenshot of a Jupyter notebook. This notebook is utilized to preview a set of 440 

radiographs before normalizing them. In this example, the same brass nautical sundial shown in 441 

Figure 3 is visualized. 442 

 443 

Figure 3: Rat femur with titanium implant. (A) Photograph of a representative rat femur. (B) 3D 444 

rendered volume of rat femur obtained from nCT. (C) Diagonal slice showing the titanium rod 445 

inside the femur. Red arrows show the trabecular bone. The scale bars are presented by the x 446 

and y axes, respectively. 447 

 448 

Figure 4: Mouse lung nCT. (A) and (B) Representative photographs of mouse lung. (C) and (D) 449 

Attenuation-based 3D rendered volume of mouse using the same positioning as (A) and (B). (E) 450 

Representative slice through the right lobe of the mouse lung (D) showing a structure of lung 451 

obtained with a different gradient of neutron attenuation (mostly low attenuation). 452 

 453 

Figure 5: Neutron computed tomography and slices through the plant root/soil system. (A) 454 

Photograph of plant sample. (B) 3D rendered volume from neutron computed tomography of the 455 

plant showing the stem above ground, and the soil system with water (in red). (C) and (D) are 456 

cuts through the sample angled to show the stem and roots in the soil (red arrows). Darker blue 457 

areas in the soil indicate the presence of water. 458 

 459 

DISCUSSION: 460 

Neutron radiography and CT of biological samples are promising imaging techniques that are 461 

complementary to X-ray imaging or magnetic resonance imaging. The critical steps in performing 462 

a neutron imaging experiment of a biological sample are related to its preparation and its 463 

containment at the beamline. Optimization of an experiment is driven by the scientific question 464 

to be answered. If the science question requires high spatial resolution to observe a 465 

phenomenon, then long acquisition times are required, and the drawback of nCT (with cm size 466 

field-of-view) is that it takes hours to perform a scan. This is mostly due to the difference in 467 

overall neutron flux available at a reactor compared to a synchrotron source, where X-ray CT 468 

scans can take seconds to minutes for a few mm2 field-of-view. Although the method can be 469 

applied to ex vivo tissue samples extracted from animals, it cannot be extended in vivo to live 470 

animals or humans due to the radiation exposure risk (such as gamma rays produced by neutrons 471 

and neutron interactions with the atoms in the sample). However, it is well-suited for the imaging 472 

of plant root/soil interactions (Figure 7) such as water uptake dynamics. 473 

 474 

The advantage of using fast nCT for plant dynamics is the sensitivity to H in water and the absence 475 

of radiation damage to the plant, unlike X-ray CT. Moreover, unique contrast can be observed 476 

from the use of neutrons in bone/metal samples such as a rat femur where the metal is relatively 477 

transparent compared to the surrounding tissues (Figure 5), potentially avoiding metal artifacts 478 

induced by X-ray CT32. Animal tissues, such as mouse lung, show impressive detection of soft 479 



 

tissue structure because neutrons are sensitive to H, but spatial resolution is somewhat the 480 

limiting factor in these measurements. Contrast is provided by the H atoms present in biological 481 

samples19,32. A motorized aperture/diffuser system defines the pinhole geometry of the imaging 482 

instrument. Neutrons travel a distance of 6.59 m in a helium (He)-filled flight tube with aluminum 483 

(Al) windows on each end. Flight tubes are used to transport neutrons, while limiting air scatter, 484 

such that the loss in beam intensity is minimum. For the measurements described in this 485 

manuscript, the diffuser is made of a 1 mm-thick 50 nm Al2O3 nano-powder encased in an Al 486 

container. The diffuser reduces beam artifacts coming from the neutron guide (which are 487 

magnified by the pinhole geometry of an imaging beamline). Otherwise, sharp horizontal and 488 

vertical intensity fluctuations are visible in the radiograph, and normalization of the data 489 

becomes challenging. For the experiments illustrated here, neutrons are converted to light using 490 

a 25-m-thick lithium-6 fluoride/zinc sulfide phosphor (6LiF/ZnS:Ag). 491 

 492 

Collimation optimization depends on the sample-to-detector position, the required spatial 493 

resolution, and acquisition time. When the sample sits a few cm away from the scintillator, high 494 

collimations (L/D above 800, where L is the distance from the pinhole aperture of diameter, D, 495 

and the detector) yield better spatial resolution at the cost of neutron flux. Low collimation (L/D 496 

below 800) is preferable for in situ dynamic studies when time resolution prevails over spatial 497 

resolution. For the measurements described in this manuscript, L/D and spatial resolution were 498 

approximately 355 and 75 m, respectively. Temporal resolution varied based on the SNR. The 499 

sample was positioned as close to the scintillator as possible to reduce geometrical distortion 500 

such as blurring. Translation and rotation stages are available to set the sample close to the 501 

detectors and perform CT. CG-1D offers three types of detectors: a charge-coupled device (CCD) 502 

with 2048 pixels x 2048 pixels with a pixel pitch of 13.5 m, a scientific complementary metal-503 

oxide semiconductor (sCMOS) detector with 2560 pixels x 2160 pixels with a pixel pitch of 6.5m, 504 

and a micro-channel plate (MCP) detector36,37 with 512 pixels x 512 pixels with a pixel size of 505 

55m. Each detector is optimized for a different field-of-view (FOV) as well as spatial and time 506 

resolutions. For the rat femur and the mouse lung measurements, the CCD detector was utilized 507 

for its large FOV capability (~ 7 cm x 7 cm) and reasonable spatial resolution of approximately 508 

75m. The plant root/soil system’s nCT was performed with the sCMOS, as the goal was to 509 

acquire nCTs as quickly as possible at the cost of FOV (which was limited to ~ 5 cm x 4.2 cm); thus, 510 

spatial resolution evidently suffered.  511 

 512 

In these detectors, neutrons are either converted to light or an alpha particle for detection 513 

purposes. Rotating the sample around its vertical axis and acquiring radiographs at consecutive 514 

rotation angles allows the acquisition of nCT. Both the sample and sample holder can produce 515 

gamma rays and can scatter neutrons toward the detector. First, neutrons are absorbed with ~5 516 

mm thick boron rubber to protect the detector chip from seeing neutrons. This absorption 517 

generates gamma rays that can be stopped by lead (Pb) placed between the boron rubber and 518 

the detector. Three reconstruction software applications were used to reconstruct the 519 

experimental data in 3D. The mouse lung sample reconstruction was performed using Octopus38, 520 

a commercial reconstruction software that utilizes FBP; however, the license sales and support 521 

for Octopus have been discontinued. Octopus software sat on a server PC and could be used to 522 



 

reconstruct data collected at the beamline. An in-house reconstruction software, named 523 

iMARS3D, is now available at CG-1D and replaces Octopus. It is based on the open source code, 524 

TomoPY39, with added features such as automated tilt correction and post-processing filters. 525 

iMARS3D includes pre-processing of the data (subtraction of the background and noise), 526 

cropping, median filtering (to correct for gamma strikes and dead pixels), and automated beam 527 

intensity fluctuation correction. 528 

 529 

Once sinograms are created, further data processing, such as ring artifact removal and 530 

smoothing, can also be performed. The different steps of the reconstruction are saved on the 531 

analysis server (and later moved in the proposal shared folder), while the final 2D slices are 532 

immediately stored in the proposal shared folder. The rat femur was reconstructed using 533 

iMARS3D. The plant root/soil sample was pre-processed by median filtering the data using the 534 

TomoPY followed by tilt axis correction using Python’s SciPy library. The reconstruction was 535 

carried out using a python package developed in-house pyMBIR built using kernels from the 536 

ASTRA toolbox40, which implements a suite of tomographic algorithms from the baseline FBP to 537 

advanced model-based iterative reconstruction techniques41 that can obtain high quality 538 

reconstructions from extremely sparse and noisy neutron data sets, such as the plant fast nCT 539 

dataset. All rendered volumes based on the aforementioned reconstruction tools are 540 

represented in attenuation contrast. All visualization was performed using the commercial 541 

visualization, segmentation, and data analysis software package, AMIRA35. 542 

 543 

For volume reconstruction and data processing and analysis, data can be loaded and previewed 544 

before selecting a region of interest outside the sample that is used to normalize to 1 (or 100% 545 

transmission) any beam fluctuation. These notebooks can be adapted to each measurement, 546 

making pre-processing a straightforward effort. Furthermore, 2D analysis can be performed in 547 

the same notebook such as tracking kinetic changes (i.e., water uptake in a sample) in a sample 548 

through time. With the advances of novel techniques, such as neutron grating interferometry, 549 

and the improvement in spatial resolution (a few microns have recently been reported42,43 with 550 

a few mm2 size field of views), neutron imaging may offer yet new contrast mechanisms for 551 

biological tissues with improved spatial resolution. The exploration of higher energy neutrons (to 552 

allow the measurements of thick samples) also promises the ability to measure larger sections of 553 

an animal tissue such as an intact mouse, thus offering yet new possibilities for ex vivo biomedical 554 

research. 555 

 556 
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oxide
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Growth chamber Conviron A1000

Laboratory balance
Pure silica sand US Silica Co. Flint#13

Sprague-Dawley Rats Harlan

Order Code: 002-

US

Titanium Rod Goodfellow TI007905
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Comments/Description

Made from aluminum plates or tubing (alternate is quartz), plant and mouse sample

Mouse lung sample containment

Water or D2O can be used to enhance contrast, plant sample

Mouse lung sample

Fully submerged in phosphate-buffered saline (PBS) and used to wrap samples, rat femur sample

Any growth chamber or greenhouse with controlled conditions would work, plant sample

Weighing plant system can be used to measure actual water content in the soils, plant sample

Pure SiO2 provides low neutron attenuation compared to soils, plant sample

Rat femur sample

Rat femur sample
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Since this is the protocol, we don’t explain what each component is again, per your 

recommendation.  

 

9. Step 2: How are the XY stages installed? 

Revised to explain how to do this. 

 

10. Step 3a: How and what lens is selected for sCMOS and how do you focus the camera? 

Thank you for your comment. We revised the protocol accordingly.  

 

11. Step 3b: What is involved in using a resolution mask to tune the focus? 

Explained. 

 

12. Step 4: How do you secure the sample and use neutron shielding? 

The samples are positioned at the beamline in containers, often Al cylinders. Neutron shielding is 

placed against the detector. We have now clarified this in the manuscript.  

 

13. Step 5: How is pixel size evaluated with the resolution mask? 



Pixel size is evaluated by measuring a known feature dimension on the radiograph. Then, by 

knowing the number of pixels across a dimension, one can determine the size of the pixel. We 

revised the protocol accordingly. 

 

14. Step 7: How do you align the sample with the neutron beam using the EPICS interface? 

Thanks for making this comment. We revised to explain that this is done by taking a series of 

fast radiographs until the sample is in full view of the detector.  

 

15. 1.1: How much saline-soaked gauze is used to freeze the implants? How is this done? 

We use Curity Gauze Sponges, 2 in x 2 in (CardinalHealth, part number 2146), fully submerge 

them in phosphate buffered saline (PBS) and wrap each sample fully. The manuscript has been 

revised accordingly. 

 

16. What do you mean by “it was position spending up on the rotation stage…”? 

Our apologies, we meant that the sample was positioned sitting up or vertically. We corrected the 

manuscript, thank you for catching this error. 

 

17. What do you mean by “water was periodically added”—please specify the frequency. 

We have expanded the description of plant propagation and watering to indicate that during 

propagation water is applied daily based on mass loss of the plant system, which allows for 

precise control of the hydration within the soil.   

 

18. Please rewrite the EPICS data acquisition protocol to specify the various parameters to be 

entered and selected, which will facilitate filming. 

Done. 

 

19. Please remove the embedded figure(s) from the manuscript. All figures should be uploaded 

separately to your Editorial Manager account. Each figure must be accompanied by a title and a 

description after the Representative Results of the manuscript text. Please include only Figure 

Legends after the Representative Results. 

Done. 

 

20. Please reorder the figure legends so that fig 1’s legend appears first. 

Done.  

 

21. Please sort the Materials Table alphabetically by the name of the material. 

Done. 

 

____________________________________ 

Reviewers' comments: 

Reviewer #1: 

 

Dear reviewer, 

Thank you for your comments. We value your input and have done our best to respond to your 

review comments and suggestions. Please see below our response below in green.   



 

Manuscript Summary: 

The manuscript details how neutron CT on biological samples is performed on the CG-1D 

beamline at the High Flux Isotope Reactor, Oak Ridge National Laboratory. Measurements can 

be tailored to different sample types. In particular, dynamics (on the time scale of hours) can be 

studied, at the cost of signal to noise ratio. Three representative samples are showcased: 1) a rat 

femur, 2) a mouse lung, and 3) dynamic water uptake in a root system. Overall, the methods are 

detailed, and the manuscript is well-written. 

 

Minor suggestions: 

Line 96 - The microscopic cross section appearing in Eqn. 2 should be called the "total collision 

cross section" - (diffuse plus absorption cross sections), as opposed to the "total cross section", 

which could be confused with the "total scattering cross section" (coherent plus incoherent cross 

sections). For a thorough treatment, see Chapter 4 of Sears, Neutron Optics. 

Thank you for this comment. We believe that calling the total neutron cross section can lead to 

confusion. Thus, we decided to use neutron attenuation cross section, as enunciated in the 

ASTM E1316-17a standard terminology for nondestructive examinations. 

 

Line 118 - many authors have discussed the complementarity of neutron and x-ray CT. I would 

suggest referencing a review such as Strobl, et al. 2009. Journal of Physics D: Applied Physics, 

42(24), 243001. Additionally, the complementarity of neutrons and x-rays is very-well 

showcased by the simultaneous Neutron and X-ray Tomography (NeXT) system, at the National 

Institute of Standards and Technology, as described in LaManna et al. 2017. Review of Scientific 

Instruments 88(11), 113702. 

Thank you for the suggestion. These references have been also added. We added Tengattini’s 

NeXT (same facility name as NIST but at ILL) Nuclear Instr. And Methods A 2020 manuscript. 

 

Line 366 - The claim of 100 um resolution is not very-well motivated. Is there a specific 

structure in Fig 4E that demonstrates this spatial resolution? A scale bar in Fig 4E and/or a more 

thorough description in the text would solve the problem. 

Our resolution is based on Nyquist’s theorem, i.e., the spatial resolution is approximately 3 times 

the pixel. Here, the pixel size is approximately 36 m. These measurements are done with a 

SIEMENS star during calibration of the instrument (not during the CT scan). We have added a 

reference to the resolution mask we use at the beamline (in the protocol section). 

A dimension scale is available on the x and y axes (10 mm x 50 mm). Thank you for noticing 

that the x-scale has been cropped on Figure 5C. It has been corrected. The scale bars are also 

indicated on the x and y axes. We added a comment in the figure caption for clarification 

purposes. 

 

Line 493 - The authors should state how long it takes to complete a complementary scan using 

either a synchrotron or laboratory x-ray source. It is implied that x-ray CT would take much less 

time, but many readers might not recognize that. 

It really depends on the XCT scanner and what resolution is required. We revised the sentence to 

provide an idea of the time and field-of-view for synchrotron radiation: “This is mostly due to the 

difference in overall neutron flux available at a reactor compared to a synchrotron source, where 

X-ray CT scans can take seconds to minutes for a few mm2 field-of-view.” 



 

Reviewer #2:  

 

Dear reviewer, 

Thank you for your comments. We value your input and have done our best to respond to your 

review comments and suggestions. Please see below our response below in green.   

 

Manuscript Summary: 

The manuscript describes the workflow for image acquisition and data analysis at the CG-1D 

neutron imaging beamline at ORNL and demonstrates some imaging applications for biological 

systems 

 

Major Concerns: 

The introduction is very ONRL focused it should be more general even though the purpose of the 

publication is to describe the workflow at ONRL. It should be extended with some more 

references to investigation of anatomical structures. E.g., Bone-metal studies have been done by 

Isaksson, Tudisco, and Le Cann which should be mentioned in the introduction. Lung studies 

were done at FRM-II before the cited works. 

It is also a pity that there are no reports about end applications, the authors mainly show that you 

can make nice images with neutrons, but not how they can be used in a quantitative analysis. 

We thank you for your comments. It is true, indeed, that our manuscript focuses on neutron 

radiography and computed tomography at ORNL, so we revised our title to reflect this. Our goal 

was to illustrate how we perform experiment at our facility, rather than a general overview. It 

now reads “Neutron Radiography and Computed Tomography of Biological Systems at The Oak 

Ridge National Laboratory’s High Flux Isotope Reactor”. Thank you for pointing the references 

out. We have added them to the introduction. 
 

 

Minor Concerns: 

Page 4: Lines 197-201: Don't you do (a) and (b) with the CCD? 

The reviewer is correct. We can do this for both detectors (CCD and sCMOS), however in this 

case, the CCD was already setup, so we did not need to tune it. For completeness and 

comprehension, we will put both detectors in sections (a) and (b). 

 

Page 5: Line 236: What kind of scintillator did you use and what was the neutron flux? Why do 

you over scan to 182deg? I hope you don't have a fan angle of 2 degrees when you need 150s 

exposure time. Over scan is anyway only relevant when you do cone/fan beam reconstruction. 

Also, didn't the camera saturate with 150s exposures? Did you sum up multiple acquisitions? 

We use a cone beam geometry. We’ve tried both a parallel beam and a cone beam reconstruction 

using commercial software at the early stages of the facility. The camera did not saturate since 

we used a 25 m thick LiF/ZnS scintillator, the only thickness available at the time. Now, we 

have thicker scintillators, and the camera does saturate in less than 60 s. We have added the 

scintillator description in the Neutron source and beamline setup section. 

 



 

Page 7 line 322 don't you use something more sophisticated than median filtering to remove 

spots? What algorithm are you using to remove ring artefacts? 

Median filter is adequate since the affected pixels are limited. In the iMARS3D CT 

reconstruction workflow, two different algorithms can be used for ring artifact removal 

  

1. An algorithm implemented in tomopy that works on the reconstructed images. I did not 

find a reference for that algorithm 

2. The Ketcham algorithm we implemented that works on the sinograms. The original paper 

of Ketcham is here https://doi.org/10.1117/12.680939 

  

We can also use AMIRA for ring filtering after the reconstruction has been performed and slices 

have been generated (https://www.thermofisher.com/us/en/home/industrial/electron-

microscopy/electron-microscopy-instruments-workflow-solutions/3d-visualization-analysis-

software/amira-life-sciences-biomedical.html). 

 

 

Reviewer #3: 

 

Dear reviewer, 

Thank you for your comments. We value your input and have done our best to respond to your 

review comments and suggestions. Please see below our response below in green.   

 

Manuscript Summary: 

This manuscript describes the protocol to perform neutron radiography and computed 

tomography of three biological samples at the High Flux Isotope Reactor (HFIR) CG-1D 

beamline. 

 

Major Concerns: 

* The title is too general, the work presented here is from a specific facility HFIR from Oak 

Ridge, so I'd recommend changing the title to clearly emphasize where this work was done, e.g. 

Neutron Radiography and Computed Tomography of Biological Systems at HFIR, Oak Ridge. If 

the authors want to keep their title, then they have to add references to what has been done on 

this topic (biological systems) at other neutron imaging facilities (from UK, Switzerland, 

Germany) on biological systems. 

This is a very good point. We did change the title to: “” and we added references from colleagues 

in Europe in the introduction section (Schillinger in Germany, Burca et al. in the UK, and 

Kaestner in Switzerland). Thank you for the comment. 

 

* Line 118: The authors say 'This manuscript aims to demonstrate that neutron imaging (nR and 

nCT) is a complementary technique to X-ray imaging' but unfortunately nothing from X-ray 

imaging measurements/ protocol is presented here to prove the claim. Entire manuscript is based 

only on neutron imaging results. 

Excellent point. This is a remnant to our original manuscript. Once we had a better 

understanding of the manuscript focus (in order to publish videos), we changed our initial focus. 

We have rephrased the sentence as follows: 

https://doi.org/10.1117/12.680939
https://www.thermofisher.com/us/en/home/industrial/electron-microscopy/electron-microscopy-instruments-workflow-solutions/3d-visualization-analysis-software/amira-life-sciences-biomedical.html
https://www.thermofisher.com/us/en/home/industrial/electron-microscopy/electron-microscopy-instruments-workflow-solutions/3d-visualization-analysis-software/amira-life-sciences-biomedical.html
https://www.thermofisher.com/us/en/home/industrial/electron-microscopy/electron-microscopy-instruments-workflow-solutions/3d-visualization-analysis-software/amira-life-sciences-biomedical.html


“ This manuscript aims to demonstrate the procedure of using neutron imaging (nR and nCT) at 

HFIR CG-1D beamline.” We have moved the comment on the complementarity between neutron 

and X-ray imaging in the introduction. 

 

Minor Concerns: 

1. Line 96: σ_i doesn't appear in equation (2). 

Thank you for pointing this out. It should be σ. We have corrected our mistake. 

 

2. Line 202: What kind of material was used for container? What kind of neutron shielding was 

used for detector and equipment? 

Good points. We usually use Al as a container as it mostly does not disrupt the neutron beam. 

The shielding for the detector is two-fold: boron rubber and Pb bricks, in this order from the 

beam/sample to the detector. Boron carbide absorbs neutrons but produces gammas. Pb bricks 

are needed because most samples or sample holders produce gammas. They also scatter neutrons 

thus the need to absorb them and stop the subsequent gammas too. We have revised the 

manuscript accordingly. 

 

3. Line 190: 'A photograph of the CG-1D beamline is given in Figure 2' - not true. Please double 

check the Figure's number 

Thank you. Figure 2 now shows a photograph of the facility or CG-1D beamline. 

 

4. Section 1.3.: It is unclear how many samples were measured. Two plants (mulberry weed and 

mint)? Why mulberry plant was grown in chamber for 1 week? The plant had already 6.3 cm 

height when it was excavated; How was mint plant prepared before being transplanted in Al 

container? 

Thank you for your comment. The mint plant is not shown in this article, it was a typo that 

should have been removed before submitting the manuscript. We transplant our plant before the 

experiment to acclimate them to their new environment (sand) so that water uptake is not 

measured when the plant is stressed due to the transplant. 

We revised the manuscript to indicate the plant preparation, including water cycles and its 

transplant to the sand soil. 

 

5. Line 242: Is any type of quartz suitable? 

Pure polycrystalline quartz is fine. We try to avoid quartz because it is commonly used as glass 

for chemistry applications and contains a small amount of boron which absorbs neutrons. Ideally, 

we would measure the container alone to make sure it is not too attenuating. The advantage is the 

ability to see through which is of interest to plant physiologists. 

 

6. Line 247: How was the water periodically added to maintain the plant during the experiment? 

We used a needle that we inserted at the bottom of the Al chamber through a punctured hole. We 

added water once a day to maintain the plant’s health. We revised the manuscript accordingly.  

 

7. Line 516: Why each sample was reconstructed with a different type of reconstruction 

software? 

We used three software packages, one commercial (Octopus) and another based on the open-

source code TomoPY. Octopus has been discontinued and the company that created it does not 



offer any technical support, so we transitioned to iMARS3D (based on TomoPY). For fast CT 

(less than 2 hr), we cannot use Octopus nor IMARS3D because they are based on the filtered-

back projection method, which requires high signal-to-noise data. Thus, we decided to utilize an 

iterative method which was more successful than our attempt to use the previously mentioned 

tools. 

 

8. Line 338: Why is it mentioned only iMARS3D in the protocol steps and not also Octopus or 

pyMBIR? There is nothing mentioned about the filters (pre- or post-processing filters) in the 

protocol steps. 

Thank you for your comment. We do mention that ring artifacts, median filtering and smoothing 

are available with our software. We will explicitly demonstrate them during the video. We have 

added these steps in our protocol for image processing. 

 

9. Line 438: It's Figure 5 instead of Figure 3 

Thank you. The figure numbering has been corrected. 

 

10. Line 456: It's Figure 6 instead of Figure 4 

Thank you. The figure numbering has been corrected. 

 

11. Line 479: It's Figure 7 instead of Figure 5 

Thank you. The figure numbering has been corrected. 

 

Reviewer #4:  

 

Dear reviewer, 

Thank you for your comments. We value your input and have done our best to respond to your 

review comments and suggestions. Please see below our response below in green.   

 

Manuscript Summary: 

The manuscript is to demonstrate the neutron radiography and tomography as suitable imaging 

technique for biological samples. As samples a plant root system, a rat femur implant and a 

mouse lung. The aim is to demonstrate the applicability of neutron imaging as complementary 

technique to x-ray imaging. The paper focuses on the advantages of neutron bioimaging as 

neutrons interact strongly with hydrogen and hydrogen is an abundant material in biological 

systems. 

 

Major Concerns: 

My major concern is the lacking novelty. Neutron imaging to biological systems is applied since 

longer time. However, when the paper aims to present the methodology without claiming novelty 

that is okay. Another major concern is that the authors claim to demonstrate neutron imaging as 

complementary method to x-ray imaging. However, no results on x-ray imaging are shown and 

the complementary information that are gained are not discussed. Another concern is that the 

examples that are chosen are not convincing. At first neutron imaging is not non-invasive as 

gamma radiation could also influence living plants. Also, the plant had to be potted in sand. 

Furthermore, biological tissues cannot be investigated in vivo but the animals have to be 

sacrificed for imaging. I don't see the large advantage of neutron imaging in that cases. 



Thank you for your comments. We have removed the claim that we are comparing neutrons with 

X-rays and solely focus the manuscript on neutron imaging. The plants are not damaged by 

neutron imaging or low energy gammas produced when neutrons are in contact with the Al 

container. As a matter of fact, plants have survived weeks and months after neutron exposure. 

The advantage of neutron imaging in animal tissue is the capability to look at thick layers of 

tissue rather than histology where slices are ~ 7 m. In the case of neutron CT, samples can be a 

couple of mm thick, thus being equivalent to measuring hundreds of histology slices. In that 

sense, nCT is not as invasive and destructive. 

In the introduction, we have added references from other teams who have measured similar 

samples as we did. 

 

Minor Concerns: 

Please refer to the complementarity between x-ray und neutron imaging. 

Thank you for your recommendation. We have added references that directly compare neutrons 

and X-ray imaging. 

 

line 233: what was the spatial resolution 

The spatial resolution of all our measurements is on the order of 75 m (see lines 164-167).  

 

Fig. 4 Please provide scale bars with units 

Thank you for your recommendation. The scale bars are indicated on the x and y axes. We added 

a comment in the figure caption for clarification purposes. 

 

Fig. 5 Please use consistent terminology for the presented methods 

Thank you. We have changed the terminology of both Figures 6 and 7 to match. 

 

line 308: Is it possible to visualize the mouse lung in-vivo? 

Since we used cold neutrons, they are not energetic enough to pass through tissues that are 

thicker than 2-3 mm. There has been an attempt in the 1960’s to visualize human lungs on a live 

person. See reference: J. Anderson, Neutron Radiography of Man, British Journal of Radiology, 

Vol. 37, 1964. 

 

line 442: complementarity is not shown 

Understood. Removed this part of the discussion. 

 

line 137ff: What is the beam intensity? Please provide 

Thank you for your comment. The flux on sample is on the order of 107 n/cm2/s. We have added 

this value in the Neutron source and beamline setup section. 

 

line 240ff: The data acquisition system is very special to the oak ridge laboratory and not of such 

high use for other neutron sources 

Good point. Our manuscript is indeed specific to Oak Ridge, on purpose, as we are trying to 

illustrate the steps of doing an experiment at our facility. Hence, we have changed the title to 

reflect this. It now reads: Neutron Radiography and Computed Tomography of Biological 

Systems at The Oak Ridge National Laboratory’s High Flux Isotope Reactor 

 



 

line 452: the chosen examples are not appropriate 

Thank you for your comment. The chosen examples were selected because they represent 90% 

of our scientific community in the biological field. In this sense, these examples are 

representative of the community that utilizes our facility. 


