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fi rst half-value layer was 0.56 mm Al, 
corresponding to a monoenergetic (ef-
fective) energy of about 18 keV. Thus, 
the x-rays were soft. The x-ray spectrum 
measured with the scintillator detec-
tor showed that nearly all x-rays had 

be fi tted with the expression  a (e  2  b    d   2 1), 
where  d  is the thickness of Al, resulting 
in  a  of 6.38 and  b  of 0.21 mm  2 1 . The 
logarithm of the transmission does not 
decrease linearly with distance due to 
beam hardening and build-up. The 

cases, a modern storage phosphor plate 
(Kodak GP Direct View digitized on a 
Kodak CR 975 reader; Carestream Health, 
Rochester, NY). 

 The x-ray experiments in the hos-
pital were performed in an electrically 
shielded room (Faraday cage) because a 
sparking Ruhmkorff coil emits a broad 
spectrum of electromagnetic radiation 
that might affect sensitive patient moni-
toring systems and other equipment. The 
x-ray tube was placed behind a shield 
( Fig 1a ). 

 Results 

 For a battery voltage of 8.4 V, the maxi-
mum spark length in air was measured 
with 90-mm-diameter spheres, yielding 
a length of 26 mm. From this measure-
ment, a peak voltage of 73 kVp was cal-
culated ( 10 ). Discharges between the 
plate-needle spark gap of the system 
started slightly below 110 mm, corre-
sponding to approximately 80 kV ( 10 ). 
The high voltage is not sharply defi ned 
by the latter method; nevertheless, this 
spark length was initially the standard 
way of specifying the high tension of the 
system.  Figure 2   shows some discharges 
within the plate-pin spark gap. 

 The loaded circuit consumed 20 W 
of power.  Figure 3   shows the voltage 
over the primary coil of the transformer. 
The transformation ratio ( R t  ) of ap-
proximately 500 (73 kV/150 V  '  500) 
corresponds well to the value obtained 
from the estimated inductances of the 
secondary ( L  s ) and primary ( L  p ) coils 
as  R t   =  �  ( L  s / L  p ). The x-ray pulse fre-
quency was approximately 20 Hz, and 
the duration was approximately 2 msec. 
The damped oscillation of the primary 
circuit current is the common behavior 
of a resonance circuit and has the ex-
pected frequency of approximately 700 
Hz (2 p / �  [ LC ]  '  700 Hz), with  L  being 
the inductance and  C  being the capi-
tance given in Table 1. 

  Figure 4   shows the broad-beam 
transmission of x-rays through Al. The 
transmission ( T ) was determined from 
the ratio of the entrance and exit 
doses measured with the MCP-N ther-
moluminescence dosimeters. The loga-
rithm of the transmission (ln[ T ]) could 

 Figure 1 

  
  Figure 1:   (a)  Photograph of the x-ray system as it appeared in January 1896, including the 
Ruhmkorff inductor (C Gerhardt, Bonn, Germany), and consisting of the transformer  (1) , inter-
ruptor  (2) , spark gap  (3) , switch  (4) , and large foil capacitor integrated in the instrument base 
 (5) . Also shown are Crookes tube number 9  (6) , modern batteries  (7) , and the transparent lead 
shield  (8)  we used.  (b)  Schematic drawing shows simplifi ed electrical scheme of Ruhmkorff 
inductor with Crookes tubes number 1 and number 9 ( 9 ). R  

meas  
 = 0.05- �  resistor.   

 Table 1 

 Values of the Electrical Components of the 1896 Ruhmkorff Inductor 

Component Capacity ( m F) Inductance (H) Resistance ( Ω�)

Capacitor 7.3 NA 386  3  10 3 
Primary coil transformer NA 6.8  3  10  2 3 0.20
Secondary coil transformer * NA 1900 66  3  10 3 

Note.ÑNA = not applicable.

* Only for order of magnitude. These values are for a slightly newer Ruhmkorff coil (F Ernecke, Berlin, Germany). Values for 
original unit could not be measured because of a bad internal contact, which had a negligible effect at high voltage.
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of most bones to the computed radiog-
raphy plate, led to an unsharp image of 
the hand. With the clinical system, this 
was not a problem because the focus 
was much smaller, of the order of 1 mm 2 , 
and much farther away. 

 X-rays produced with the fi rst-
generation system were found to be soft, 
with a half-value layer of 0.56 mm Al, 
as compared with a measured value of 
3.2 mm Al for the modern system at 
73 kVp with a nominal fi lter of 3.5 mm 
Al. The softness can be explained by 
the lack of additional fi ltration, the dis-
tribution of electron energies toward 
lower values due to the fi nite free elec-
tron path length, the tube potential tak-
ing all values between zero and the 
peak voltage, and a somewhat lower 
terminal voltage due to loading. This 
interpretation appears to be consistent 
with the measured x-ray spectrum. The 
softness of the x-rays led to a relatively 
high skin dose, which was approximately 
10 times higher than that of the modern 
system. In addition, the use of photo-
graphic plates in the early days of radi-
ography required a further increase in 
the radiation dose, resulting in a total 
increase of about 1500 ( Table 2 ). A mod-
ern image receptor like the storage 
phosphor plate is thus more than 100 
times more sensitive than the photo-
graphic plate from 1896. It should be 
noted, however, that the x-ray output 
and radiation quality could vary greatly 
because of unpredictable variations in 
the gas pressure. Hence, there was al-
ways the risk of under- or overexposing 
the photographic plate. 

 Doses at which deterministic skin ef-
fects might start were not readily reached 
with this fi rst-generation system: at 
10 cm, it would take nearly 400 hours 
to incur a dose of 2 Gy. However, soon 
thereafter, a metal (Pt) anode was used 
in combination with more powerful gen-
erators, and unfortunate incidents be-
came all too common ( 3–5 ). 

  Figure 7   summarizes the charac-
teristics of x-ray systems of 1896 and 
2010. Typical characteristics of the 
fi rst-generation x-ray system are a large 
focus, the emission of radiation with a 
soft component, and a low output. The 
most noticeable property of a modern 

 Figure 5 

  
  Figure 5:  Pinhole radiographs (top) and photographs (bottom) of Crookes tubes number 1 (left) and num-
ber 9 seen from the side (middle) and top (right). Note the similarity between the regions with fl uorescence 
and x-ray emission. Imaged objects were below the tubes, as shown in the bottom left and bottom middle 
images.   

 Figure 6 

  
  Figure 6:  Images of the hand specimen of an 86-year-old woman obtained with Crookes tube number 
9 (left) and a modern x-ray system (right). In both cases, the image receptor was a modern computed 
radiography plate. The exposure time with the 1896 system was 21 minutes, and the distance from the 
imager to the hand was 46 cm. With the modern system we used the following settings: 45 kV, 3.5-mm 
Al fi ltration, 5 mAs (225 mA, 21 msec), and 1 m between the hand specimen and the imager.   
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system is the extremely high power 
den sity the focus of the x-ray tube can 
withstand, enabling one to obtain sharp 
images with a short exposure time. 

 Our experience with this machine, 
which had a buzzing interruptor, crack-
ling lightning within a spark gap, and a 
greenish light fl ashing in a tube; which 
spread the smell of ozone; and which 
revealed internal structures in the hu-
man body was, even today, little less 
than magical. Clearly, this technique 
left ample room for improvement. In 
the following century, the image quality 
and nearly all components of the x-ray 
system were greatly improved. Simul-
taneously, radiation dose and exposure 

 Table 2 

 Comparison of Exposure Parameters Used to Obtain a Radiograph of a Human Hand 

Parameter 1896 System Modern System Ratio

Skin dose (mGy)
 Storage phosphor plate on both systems * 0.6 0.05 12
 Original conditions (including photographic plate)      74 É 1472
Exposure time 90 min 21 msec 257000

* Normalized to same average detector signal below hand ( 11 ).

     Calculated from present exposure correcting for distance and exposure time in HoffmansÕ experiment number 8 ( 2 ).

 Figure 7 

  
  Figure 7:  Chart shows comparison of the 1896 x-ray system with a modern x-ray system.   

time were lowered by three and five 
orders of magnitude, respectively, turn-
ing x-ray imaging into a convenient and 
safe modality. 
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