
X-Rays, Electrons 
and Line Spectra 



Cathode rays

• Known since 1800’s
• Produced by a large difference of potential 

in an evacuated tube.



A brief history of the cathode rays
(and vacuum)

• 1833: Michael Faraday 1791-1867
– Study of electrical discharge of gas
– Notices that: “rarefaction of the air wonderfully favors the glow 

phenomena” 
� Poor vacuum

• 1858: Julius Plücker 1801-1868
– Seems to observe a deflection of the rays, when approaching a magnet
– Bright green glow around the cathode ? 

� Still poor vacuum

• 1869 Johann Hittorf 1824-1914
– Reports that the glowing originates from the cathode
– Observes sharp shadows, the rays are traveling in straight lines

� Better vacuum

• 1879 William Crookes reaches 40x10-3 mm Hg



Approaching the 20th century…

• The debate heats up:
– 1892: Heinrich Hertz claims experimental 

evidences that cathode rays cannot be particles
– 1895: Jean-Baptiste Perrin 1870-1942 shows 

that cathode rays are negatively charged 
particles

• Cathode rays: Waves or Particles ?

In 1895, no one knows what cathode rays really are, but some of 
their properties were measured. So, the studies go on…



The discovery of X-rays

• Wilhem Röntgen 1845-1923 on the evening of Nov 8, 1895

– While working on cathode rays, notices that more penetrating rays are 
emitted from the interaction of the cathode rays with the tube, 
fluorescence on a nearby screen

– Measures the transmission of the rays through various materials. they 
appear to be transparent to the rays.

– Finally put his hand in front of rays and sees his bones on the screen !



The discovery of X-rays (II)
• Röntgen does not say anything to anybody. Astonished 

by his discovery, needs to check, double-check, triple-
check… for about 7 weeks ! 

• Properties of the X-rays:
– More penetrating than cathode rays
– Not deviated by electric/magnetic fields
– Immediate medical applications !

• Finally, on Dec 28, 1895, he submits a preliminary 
paper: “On a new kind of rays” which is distributed in 
January 1896

• By the end of 1896, more than a thousand papers were 
written on the subject of X-rays.

• 1902: Röntgen receives the first Nobel Prize in Physics



Nature of the cathode rays: 
the discovery of the electron

• J.J.Thomson 1856-1940 Nobel Prize 1906
– Manages to show conclusively that cathode rays are deflected by 

electric and magnetic fields; do not depend on the material the cathode 
or the anode is made of

– Have a negative charge, cathode rays are particles
– Measures e/m ratio, close (about 35% off) to the present value of 

1.76x1011C/kg

� Better vacuum available after progress by Crookes



Measurement 
of the q/m ratio

• An electron moving through the 
electric field is accelerated by a force:

• Electron angle of deflection:

• The magnetic field deflects the electron against the electric 
field force. 

• The magnetic field is adjusted until the net force is zero. 

• Charge to mass ratio:



Determination of the electron charge

Robert Millikan 1868-1953 oil drop experiment (1907-1911)



Analysis

• Used an electric field and gravity 
to suspend a charged oil drop.

• Mass is determined from 
Stokes’s relationship of the 
terminal velocity to the radius 
and density.

• Magnitude of the charge on the 
oil drop.

• Thousands of experiments 
showed that there is a basic 
quantized electron charge.



The electron

• J.J. Thomson: e/me = 1.76x1011 C/kg

• R. Millikan: e = 1.6x10-19 C; Electron charge: -e
� me = 9.1x10-31 kg

• The e/me ratio was much larger (x1000) than expected 
(based on results with the Hydrogen “atom”). This is due to 
the fact that:

� m(H+)=m(proton)~1836 x me

• Conclusions: both the mass and the charge of the electron 
are quantified 



Line Spectra

• It is observed that chemical elements produce unique colors when
burned (with a flame) or excited (with an electrical discharge)

• Diffraction creates a line spectrum pattern of light bands and dark 
areas on the screen.

• The line spectrum serves as a fingerprint of the gas that allows for 
unique identification of chemical elements and material composition.



Balmer Series
• In 1885, Johann Balmer (a swiss schoolteacher) finds an 

empirical formula for wavelength of the visible hydrogen line 
spectra in nm:

nm (where k = 3,4,5…)

� Underlying order/quantification not understood



Rydberg equation
• As more spectral lines are discovered, a more general 

empirical equation appears: the Rydberg equation

Rydberg constant (for Hydrogen)



Conclusions… so far.

• Early experiments point to a quantization of 
certain quantities

• Quantization appears in empirical formula as a 
way to describe Nature

• Still no theory can explain the observed behaviors

• Does an accurate description of Nature indeed 
require quantization ?



Exercise

Find the Balmer formula from the Rydberg equation:

Determine a formula for the Lyman series and the Pashen series:


