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X-rays – Seeing The Invisible

The assassination of President Garfield

On July 2nd, 1881, the newly-elected US President James Garfield was shot at by an assassin 
(Fig.1), and one of the bullets remained lodged in his abdomen.

Fig. 1
Over the next few weeks doctors tried a number of means of locating the buried bullet. They tried 
to find the bullet by pushing metal rods, and even unsterile fingers, into the bullet’s entry wound, 
and in doing so undoubtedly caused most of the injuries that led to the President’s eventual 
death 11 weeks later.

One ingenious attempt to locate the bullet was tried by Alexander Graham Bell, the inventor 
of the telephone. He set up a circuit which produced short electrical pulses in a primary coil. 
A secondary coil was connected to a telephone earpiece, where a buzz could be heard. The 
loudness of the buzz increased when there was metal nearby.

Bell tested his apparatus by detecting bullets held in his mouth or under his armpit, and also used 
his detector to find bullets fired into slabs of meat. Unfortunately, the faint signal he was able to 
detect near the dying President proved to be due to the metal springs in the mattress on the 
President’s bed. As metal bed-springs were then a new invention, it is understandable that Bell 
had not allowed for them. The true location of the bullet was not discovered until the post mortem 
examination. Ironically it proved to be in a position that would not have killed the President, if only 
the doctors had left it well alone.
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Röntgen’s discovery of X-rays

Bell was unsuccessful at his attempt to see inside the human body without cutting into it, but 
that aim was achieved in 1895, when Wilhelm Röntgen discovered X-rays. While observing the 
patterns of light emitted in highly evacuated tubes by the effect of high voltages, he noticed an 
effect on nearby fluorescent paper shielded from the tube by black card. He deduced correctly 
that an invisible radiation created in the tube was producing the fluorescence. He showed that 
these rays could affect photographic plates encased within black paper, and could also penetrate 
soft tissues of the body, as in his celebrated X-ray photograph of his wife’s hand (Fig. 2).

Fig. 2

Some of the medical applications of Röntgen’s discovery were quickly appreciated, as X-rays 
were used to locate splinters of glass or metal embedded in the bodies of patients. In the First 
World War, Marie Curie pioneered the use of X-rays in the French army to locate bullets, saving 
many lives in the process. Even soft tissues absorb some X-rays, as Fig. 2 shows, so X-rays 
were soon used to diagnose abnormalities within the soft tissues of the body, such as cancers, 
or the scar tissue produced by tuberculosis. By introducing into the body materials which strongly 
absorb X-rays, such as compounds of barium or iodine, it is possible to obtain X-ray pictures of 
the digestive tract, or of the circulatory system, for example.

The nature of X-rays

But what are these X-rays? After their discovery in 1895, two other discoveries followed rapidly: 
of radioactivity, by Henri Becquerel in 1896, and of the electron, by J J Thomson, in 1897. These 
were all mysterious invisible radiations, and it was some time before the nature of all three was 
clarified.

It was suspected that X-rays were electromagnetic radiation of short wavelength, and this was 
eventually demonstrated elegantly by researchers following a suggestion from Max von Laue. In 
the early years of the 20th Century, there was considerable debate between Ludwig Boltzmann 
and his opponents, principally Ernst Mach, as to whether it was possible to prove that atoms 
existed – the sceptical Mach famously asked, about atoms, ‘Have you seen one?’
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Von Laue realised that, if crystals did consist of regular arrays of atoms, then they should act like 
diffraction gratings when illuminated with radiation of wavelength similar to the spacing between 
the rows of atoms. A diffraction grating, consisting of a regular array of slits, produces a pattern 
of spots in a straight line when a narrow beam of light of a single wavelength passes through it. 
Two such gratings, placed at right angles to each other and superimposed, form a square lattice, 
and the diffraction pattern produced by this will be a square grid of spots (Fig. 3).

+

Fig. 3

Although crystals are more complex, a regular lattice of atoms should produce a diffraction pattern 
of spots when waves of appropriate wavelength are incident on them. This was confirmed in 1912 
by Friedrich and Knipping, who passed a narrow beam of X-rays through a crystal and obtained a 
regular pattern of dots on a photographic plate placed on the far side of the crystal (Fig. 4).

Fig. 4

This was not only the answer to Mach’s question about whether atoms could be seen, but also 
the birth of X-ray crystallography, which enabled scientists to deduce the structure of crystalline 
materials. This led to a number of Nobel prizes, including those awarded to Dorothy Hodgkin 
for finding the structure of vitamin B-12, and to Watson and Crick for the structure of DNA; the 
experimental X-ray work used by Crick and Watson was done by Rosalind Franklin, but her 
tragically early death meant that she was not eligible for the Nobel Prize herself.

50

55

60



5

2865/01 Jun09 Turn over© OCR 2009

The production of X-rays

Röntgen produced X-rays by firing high-energy electrons at the anode of the discharge tubes 
he was experimenting with. The decelerating electrons lose energy, which is emitted as X-rays 
of a range of wavelengths down to a minimum value, dependent on the electron energies used. 
When the electrons have enough energy to dislodge inner electrons in the atoms they hit, large 
intensities of certain well-defined wavelengths of X-rays are produced. Research into these 
‘characteristic X-rays’ produced from a wide range of anode materials, by Henry Moseley in 1914, 
led to the establishment of the modern form of the Periodic Table. In modern X-ray tubes, the 
electrons are emitted from heated cathodes and collide into metals of high mass number, such 
as tungsten, embedded in the anode. The conversion to X-rays is only about 1% efficient, so the 
anode becomes very hot, even though the current is only a few milliamps. It has to be cooled to 
remove the heat produced when the electrons collide with the atoms of the target (Fig. 5).
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Fig. 5 – a modern X-ray tube
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X-rays and risk

In the early decades of the 20th Century, workers with X-rays had substantial damage to their 
bodies, often leading to premature death. The American inventor Thomas Edison abandoned 
his researches into X-rays when one of his technicians, who used to test his X-ray tubes with 
his hands, developed cancers which killed him. It took some time for the dangers to be generally 
recognised, and as late as the 1960s it was still common for children to have their feet X-rayed to 
check whether shoes fitted correctly. Fig. 6 shows such a machine, where the child would put his 
or her feet into the slot at the bottom, immediately above the X-ray tube, which was shielded by 
about 1 mm of aluminium. Toward the top of the machine, the X-rays struck a fluorescent plate, 
which absorbed some of the X-ray photons and emitted visible ones. The child, the parent and 
the shoe fitter could see the image through the three viewing tubes at the top.

Understandably, these machines are no longer used in shoe shops.

viewing tube

X-ray tube inside base

fluorescent plate inside
top of apparatus

slot for feet

Fig. 6

Modern medical X-rays

The resolution of photographic plates is better than current digital systems. However, for speed, 
and to make computer storage and manipulation possible, digital methods are increasingly used. 
Detection may involve the absorption of the X-rays by a scintillating material, which emits visible 
photons which can then be recorded digitally, as with any visible picture. Alternatively, the detector 
may be a CCD semiconductor device like those found in digital cameras, with the addition of a 
scintillating material. Because these materials convert a higher fraction of the X-ray photons to 
visible photons than the fraction absorbed by standard photographic film, they allow images to be 
obtained with smaller doses to the patient.

Trained radiographers can see a lot of detail in a standard X-ray photograph, but it has limitations. 
The image is a shadow picture of the absorption of X-rays by the internal organs of the body, 
so you cannot tell if one organ lies under or over another. Whether the patient is X-rayed facing 
towards or away from the detector, essentially the same information is obtained. Turning the 
patient through 90°, however, gives a different view, and this is frequently done to locate a position 
accurately within the body.
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In the 1970s, computerised tomography (CT) scanners were developed to extend this principle of 
obtaining information from many ‘views’ through the body. ‘Tomography’ means ‘drawing slices’, 
and the images produced do appear as slices through the body.

A CT scanner (Fig. 7) has the X-ray tube and the detector opposite to each other in a large 
doughnut shape, with the patient in the middle (Fig. 7).

X-ray tube

X-ray detector

Fig. 7

The X-ray tube and detector move around the patient, recording the different absorptions 
of X-rays from every angle. This information is then processed by computer to give a map of 
X-ray intensities across a ‘slice’ of the patient, and is able to discriminate quite small differences 
between the tissues.

During the scan, the patient moves through the scanner in the direction shown by the arrow on 
Fig. 7. Although the patient is exposed to X-rays for a longer time, much more information is 
obtained than in an ordinary flat X-ray. The process allows the computer to collect more 
information about the region of the patient of interest, and this can then be processed to present 
‘slices’ through the body (Fig. 8).
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Magnetic Resonance Imaging (MRI) scans are similar in result to CT scans. The patient lies 
inside a large solenoid producing a strong magnetic field, and a varying radio signal stimulates 
resonant signals from nuclei of odd nucleon number. In the body, these nuclei are effectively 
those of hydrogen. The resulting MRI scan shows differences in the concentration of hydrogen 
nuclei in different tissues (Fig. 9). Both CT and MRI images can be enhanced digitally to show 
features of interest more clearly.

                

 CT scan of the brain MRI scan of the brain

 Fig. 8 Fig. 9

With the development of MRI, it seems as if remote sensing within the human body has come 
full circle. It started with magnetism in Bell’s attempt to locate the bullet in President Garfield. 
Now Magnetic Resonance Imaging competes with CT scans, to give similar results, as can be 
seen from Figs. 8 and 9. However, both methods have advantages in different circumstances: 
CT scans are better where bone is being investigated, but MRI gives more detail in soft tissues. 
An MRI scan does not use ionising radiation, so there are no medical risks to the patients, apart 
from those with heart pacemakers or metal implants. However, the MRI scanner is noisy, and 
the patient has to lie still within a long solenoid for up to 45 minutes, which many people find 
extremely uncomfortable. MRI scanners are also much more expensive than CT scanners, so 
hospitals need to consider carefully how their resources are best spent.

END OF ARTICLE

115

120

125

130

Copyright Information

OCR is committed to seeking permission to reproduce all third-party content that it uses in its assessment materials.  OCR has attempted to identify and contact all copyright holders 
whose work is used in this paper.  To avoid the issue of disclosure of answer-related information to candidates, all copyright acknowledgements are reproduced in the OCR Copyright 
Acknowledgements Booklet.  This is produced for each series of examinations, is given to all schools that receive assessment material and is freely available to download from our public 
website (www.ocr.org.uk) after the live examination series.

If OCR has unwittingly failed to correctly acknowledge or clear any third-party content in this assessment material, OCR will be happy to correct its mistake at the earliest possible 
opportunity.

For queries or further information please contact the Copyright Team, First Floor, 9 Hills Road, Cambridge CB2 1PB. 

OCR is part of the Cambridge Assessment Group; Cambridge Assessment is the brand name of University of Cambridge Local Examinations Syndicate (UCLES), which is itself a 
department of the University of Cambridge.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 15%)
  /CalRGBProfile (ColorMatch RGB)
  /CalCMYKProfile (U.S. Sheetfed Uncoated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.245 841.846]
>> setpagedevice


