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The presence of large scattering angles is observed when a beam of alpha particles from an americium source is incident on a metal foil target. This effect, known as Rutherford scattering, was the first evidence of a localized atomic nucleus, rather then a charge distributed over the entire atomic volume. The observation of large scattering angles confirms the presence of a localized atomic nucleus. The Rutherford scattering formula was experimentally verified by the observation of the Rutherford constant K being invariant with respect to scattering angle, however the direct computation of K is not possible without data on incident particle flux and foil thickness.
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I. Introduction

A. History


In 1911, Ernest Rutherford preformed an experiment where a beam of alpha particles from a radium source was fired through a gold foil sheet, which was only a few atoms thick, and the resulting scattering angles of the alpha particles were recorded [1]. While the majority of the incident alpha particles passed through the sheet, large scattering angles up to 180 degrees were observed, leading to the development of the orbital theory of the atom. 

Before Rutherford, the “plum pudding” model of the atom in which the nuclear charge was evenly distributed throughout the atomic volume, was widely accepted. The charge distribution in the plum pudding model would act as a set of sheet charges, with the positive nuclear charge sandwiched between two negative sheets representing the electrons (FIG 1). 
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FIG 1: Alpha particle scattering of Plum Pudding and Rutherford model.
This charge distribution would cause an electric field that repels the alpha particle on one side, and accelerated the particle on the other side. This would cause a slight deflection based on the alpha particles velocity component parallel to the sheet.

B. Theory


Rutherford refined atomic theory with his discovery of large scattering angles. In the Rutherford model, the nucleus consists of a highly localized distribution of atomic charge surrounded by the accompanying electron shells. 


The plum pudding model would generate an electric field (1) on either side of the nuclear volume that is nearly uniform, causing minimal deflection.
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In the Rutherford model, however the localized nucleus produces a radial electric field with an inverse square relation (2) allowing high reflection angles as an alpha particle approaches the nucleus. Therefore the existence of high deflection angles directly supported the Rutherford model of the nucleus.
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This effect is observed when a beam of alpha particles produced by the decay of americium is fired through a metal foil target. While the majority of the alpha particles pass through the foil unimpeded, a small number experience a very large scattering angle, due to the interaction with the positively charged nucleus. 

The energy of the alpha particles incident on the foil target is 5.48 MeV, therefore the wavelength of the alpha particle is much less then the gold atom spacing and quantum level effects such as diffraction can be ignored allowing a classical interpretation of the results.

The number of particles that will be deflected at a given angle (FIG 2) can be 
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FIG 2: Alpha particle scattering angle. (Courtesy of the Department of Physics, Georgia Institute of Technology)
determined by the Rutherford scattering formula (3). 
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Where K is given in equation (4), with z = number of protons in an alpha particle, Z= number of protons in the target nucleus, M= mass of the alpha particle and v= velocity of the alpha particle.
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(4)
Conversely, knowing N(θ) experimentally, it is possible to solve Eq. (4) for Z and determine the atomic number of the target nucleus.

II. Experimental Methods

A. Apparatus

The Rutherford scattering apparatus, shown in figure 3, consists of a gold or aluminum foil captured within a slit that is mounted on a rotational base. The base is connected to an americium alpha particle source, such that the source and slit rotate together (FIG 3).
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FIG 3: Rutherford scattering apparatus. (Courtesy of the Department of Physics, Georgia Institute of Technology)
Opposite to the alpha particle source is an alpha particle detector that can be connected to an external counter. The counter utilized is an Ortec 776 timer/counter module contained in an Ortec 401A NIM bin with an accompanying power supply. This model of counter can gate detected counts with reference to an internal timer that can be preset for an arbitrary duration of time, allowing unattended operation and repeatable acquisition periods. The particle detector is connected to the counter through an external preamp that amplifies the detector pulse to a level that can trigger the counter.

The entire Rutherford scattering assembly is operated within a vacuum chamber, which is evacuated by a direct drive oil sealed vacuum pump. As the chamber is evacuated, the mean free path, or average distance between collisions, of the alpha particles is greatly increased. This prevents collision with atmospheric gases that may cause inaccurate results and reduced count rates. The vacuum chamber can be sufficiently evacuated within 5 minuets and vented to atmospheric pressure by disconnecting the vacuum pump.
B. Experimental Procedures


An americium source is positioned such that the emitted beam of alpha particles is incident perpendicularly on a thin metal foil, either gold or aluminum. The metal foil is partially blocked with a plastic slit, which limits the initial divergence of the alpha particle beam by collimating the particle flux. The foil / source assembly is placed within a vacuum chamber that is evacuated by a vacuum pump in order to increase the mean free path of the alpha particles. After the gas within the vacuum chamber is sufficiently rarified, the emitted alpha particles passing through and scattering off of the metal foil can be detected by a stationary detector system mounted inside the chamber opposing the alpha particle source. Since the detector is light sensitive, it is necessary to shield the chamber from ambient light in order to obtain accurate results.

The NIM bin power supply is turned on along with the preamplifier and the gate time on the counter is set on the Preset (B) input dials. The gate time of the counter is programmed in tenths of a second as 
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 where M is the number on the left dial and N is the number on the right wheel.

For statistical analysis, the standard deviation of the detected particle count over a set time interval is recorded over 10 separate trials to obtain the range of possible counts detected over an acquisition period.


Each time the foil or slit is exchanged in the scattering chamber, it is necessary to re-zero the angle scale to compensate for instrumental effects and possible offset of the last calibration. A count over 100s is acquired for each angle near zero in 5 degree increments and the angle producing the largest count is defined as center. This calibration procedure re-zeros the scale to within 2.5 degrees after each slit or foil exchange.

As the Rutherford scattering formula is symmetric with respect to positive and negative values of theta, it is only necessary to acquire angles for positive values of theta. For angles of θ=0,5,10,15,20,25,30 degrees the 1mm width slit is used, while the 5mm slit is used for θ=30,40,50,60 degrees allowing a higher particle flux, and consequently a higher detection rate. For statistical accuracy, the time at each angle was sufficient to acquire at least 10 counts, reducing statistical variance to acceptable levels.

It is necessary to scale the values acquired with the 5mm slit to the values that would be obtained utilizing the 1mm slit for higher angles. Counts are acquired at 30 degrees for both the 5mm and 1mm slits and a scaling constant k is calculated. The constant k is calculated as 
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and subsequent values acquired with the 5mm slit are multiplied by k to provide data proportional to the 1mm slit.


The previous procedure is then repeated for an aluminum foil and the experimentally acquired K value is used to determine the atomic number of aluminum using equation (5).
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(5)

III. Results

Acquired data of N(θ) vs sin^-4(θ) for Au and Al foils (FIG 4) shows a linear trend when plotted on a logarithmic scale. Error bars are given assuming an angular accuracy of +- 5 degrees.
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FIG 4: Plot of N(θ) vs sin^-4(θ)
While the plot of N(θ)sin^-4(θ) vs θ remained within the order of magnitude (FIG 5), confirming the accuracy of the Rutherford scattering formula.
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FIG 5: Plot of N(θ)sin^-4(θ) vs θ
IV. Discussion & Conclusion


 Acquired data for the Rutherford scattering of alpha particles incident on Al and Au foils was plotted to determine the accuracy of the Rutherford scattering formula. A collimation slit of variable width was utilized to provide a higher incident flux of alpha particles on the foil surface to increase count rate at higher scattering angles.

When the 5mm slit is used, the initial collimation of the beam is sacrificed for a higher particle flux incident on the foil surface, however at higher angles the non scattered beam is not detected, and the initial beam divergence does not significantly affect the count for large θ.


The observed relation between N(θ) and sin^-4(θ) was found to obey the Rutherford scattering formula as presented in equation (3). Solving the Rutherford formula for
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 it is confirmed that K should show no variance as a function of theta, consistent with the experimental results that remaining within the order of magnitude, varying only due to equipmental effects and theoretical limitations. 

Deriving K as a function of 
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 (FIG 6) it is determined that 
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, differing from the average 3.6E-4 for Au and 6.63E-5 for Al.
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FIG 6: Calculation of K.

This difference can be accounted for by factoring a scaling constant [3] to compensate for incident particle flux as well as foil thickness, foil density and detector efficiency.


Computation of the atomic number of Al with equation (5) based on tabulated thicknesses of Au and Al foils (FIG 7) yielded a clearly inaccurate result of Z=2. Accurate computation of atomic numbers will therefore require precise knowledge of foil thicknesses.
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FIG 7: Foil thicknesses based on tabulated values.


Further verification of Rutherford scattering was obtained by testing the rate of backscattered particles from the aluminum foil. Although a higher count rate was observed for 145 degrees then 60 degrees when testing the aluminum foil, it should be noted that this effect is caused by the higher reflected flux from the aluminum foil which is two orders of magnitude thicker (FIG 7) then the gold foil originally used in the Rutherford scattering experiment. In the aluminum foil, multiple layers of atomic sheets are present leading to a higher reflected flux, by providing a greater probability for an alpha / aluminum scattering to occur. This is directly observable by comparing the transmission rates between gold and aluminum foils (FIG 4), noting that the gold foil transmission rate is approximately one order of magnitude higher then that of the aluminum foil at corresponding angles. 

It is therefore determined that the Rutherford formula presented in equation (3) is limited to use on extremely thin foils, consisting of only several layers of atoms. Thicker foils will cause the Rutherford formula to suffer a discontinuity at 90 degrees, requiring a further scaling constant to relate the magnitudes of transmitted and reflected flux at the foil boundary.

Due to this effect, it is not possible to numerically interpret the result for 145 degrees, however the presence of large scattering angles provides direct evidence for an atomic nucleus consisting of a spatially concentrated charge.

Scattering angles were consistent with the Rutherford formula, and experimental determination of K as a function of angle proved that K is nearly invariant with changing angle, limited by the effects of instrumentation and thick foils. Large scattering angles further confirmed the presence of an atomic nucleus consisting of a spatially localized charge, confirming Rutherford’s results.
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