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[H is the proton.  He is sitting at the desk set up in the middle of the nucleus toying with a small model of an atom. B is the electron, orbiting H in the first orbital  shell and M is just in the nucleus, occupying herself, always diligent as to what’s being said however she doesn’t actively participate in the argument until her next line] H: We’d almost reached the critical mass!  A tiny bit bigger and the chain would sustain itself indefinitely.  All we need is a little more uranium.  I set off with Weizsacker to try and get our hands on Diebner’s.  Another hair-raising journey all the way back across Germany.  Constant air raids – no trains – we try bicycles – we never make it!  We end up stuck in a little inn somewhere in the middle of nowhere listening to the thump of bombs falling all around us.  And on the radio someone playing the Beethoven G minor cello sonata.  

[Because the argument is still low in energy, Bohr is still in the first orbital,  orbiting.] B: and everything was still under your control? 

[H stands up] H: Under my control – yes!  That’s the point!  Under my control!

B: Nothing was under anyone’s control by that time!

[H is still in the nucleus, but now breaks away from the desk with a newfound energy] H: Yes, because at last we were free of all constraints!  The nearer the end came the faster we could work!

[B rises to the second orbital as the argument gets more intense and speeds up his orbit] B: You were no longer running that program, Heisenberg.  The program was running you.

[H sits down at the desk and starts furiously calculating] H: Two more weeks, two more blocks of uranium, and it would have been German physics that achieved the world’s first self-sustating chain reaction.

[the argument is heating up, so B is orbiting furiously without looking tacky – just restless, getting as close as he can to H without descending from the second shell] B: Except that Fermi had already done it in Chicago, two years earlier.

[H stops his work and shouts, pounding his fists on the table before he delivers his line] H: We didn’t know that.

[B descends into the nucleus and flings the papers off of H’s desk during this next line.  After the papers are flung, M as the neutron holding the show together starts cleaning up the papers and M becomes the electron, as he isn’t the focal point anymore, it’s now B’s argument we are listening to, H leaves the nucleus in disgust and goes to the first orbital and lazily drifts, not really listening to what B is saying] B: You didn’t know anything down in that cave!  You were as blind as moles in a hole.  Perrin said that there wasn’t even anything to protect you all from the radiation.

[H is in the first orbital orbiting absent mindedly] H: We didn’t have time to think about it.

B: So if it had gone critical…

[M stops picking up papers and shoves B into the second orbital. She is now the proton] M: You’d all have died of radiation sickness.
[PAUSE]
[B&H are both electrons now, orbiting in different orbitals.  H in the second, B in the first.  B is trying to follow H, but they always remain on opposite sides of the stage.  H is not intentionally avoiding B, but the two seem to physically repulse each other]
B: My dear Heisenberg! My dear boy!

H: Yes, but by then the reactor would have been running.

B: I should have been there to look after you.

H: That’s all we could think of at the time.  To get the reactor running, to get the reactor running.  

B: You always needed me there to slow you down a little.  Your own walking lump of cadmium.

[H now becomes the proton and M the neutron.  She has been occupying herself with setting the desk straight again after B’s outburst and continues to make sure that the set is in order. H descends into the nucleus] H: If I had died then, what should I have missed? Thirty years of attempting to explain.  Thirty years of reproach and hostility.  Even you turned your back on me.

[M becomes the proton and H the neutron, and H takes over cleaning up the desk] M: You came to Copenhagen again.  You came to Tisvilde.

H: It was never the same.

B: No, it was never the same. [exit B via the second orbital exit]
[During the next line, H makes his way from the nucleus to the exit located on the second orbital.  He goes from being a neutron to an electron.  At no point during this speech is he the proton; the “definer”] H: I sometimes think that those final few weeks at Haigerloch were the last happy time in my life.  In a strange way it is very peaceful.  Suddenly we were out of all the politics of Berlin.  Out of the bombing.  The war was coming to an end.  There was nothing to think about except the reactor.  And we didn’t go mad, in fact.  We didn’t work all the time.  There was as monastery on top of the rock above our cave.  I used to retire to the organ-loft in the church and play Bach fugues.

[M is the only one on stage, she sits in the desk at the center of the nucleus.  She is the proton] M: Look at him.  He’s lost.  He’s like a lost child.  He’s been out in the woods all day, running here, running there.  He’s shown off, he’s been brave, he’s been cowardly.  He’s done wrong, he’s done right.  And now the events come, and all he wants is to go home, and he’s lost.  

[From offstage] H: Silence

[From offstage] B: Silence

M: silence.

[we hear H’s voice from offstage and actors come on stage and mime the following scene] H: And once again the tiller slams over, and Christian is falling.

B: Once again he’s struggling towards the lifebuoy.

[exit actors, enter B] M: Once again I look up from my work, and there’s Niels in the doorway, silently watching me…

[M becomes the neutron and she starts dismantling the desk/office setting and setting up the Bohr’s house arrangement.  B, the proton, sits down in the desk chair which is replaced by an easy chair as M gets it onstage]  B: So, Heisenberg, why did you come to Copenhagen in 1941?  It was right that you told us about all the fears you had.  But you didn’t really think I’d tell you whether the Americans were working on a bomb.

[H has appeared in the second orbital and is sitting, continually shaking his head] H: No.

B: you didn’t seriously hope that I’d stop them.

H: No.

B: You were going back to work on that reactor whatever I said.

[H stops shaking his head and stands up, moving into the first orbit] H: Yes

[B stands up, M is still setting up the house] B: So, Heisenberg, why did you come?

[H moves into the second orbit and starts orbiting ] H: Why did I come?

B: Tell us once again.  Another draft of the paper.  And this time we shall get it right.  This time we shall understand.

M: Maybe you’ll even understand yourself.

B: After all, the workings of the atom were difficult to explain.  We made many attempts.  Each time we tried they became more obscure.  We got there in the end, however.  So – another draft, another draft.  

[during this next line, H and B, the electron and proton respectively, orbit until they are standing back to back by the end of H’s line, H in the first orbital  and B on the edge of the nucleus] H: Why did I come?  And once again I go through that evening in 1941.  I crunch over the familiar gravel and tug at the familiar bell-pull.  What’s in my head?  Fear, certainly, and the absurd and horrible importance of someone bearing bad news.  But…yes…something else as well.  Here it comes again.  I can almost see its face.  Something good.  Something bright and eager and hopeful…

B: I open the door…

H: And there he is.  I see his eyes light up at the sight of me.

B: He’s smiling his wary schoolboy smile.

H: and I feel a moment of such consolation.

B: A flash of such pure gladness.

H: As if I’d come home after a long journey.

B: As if a long-lost child had appeared on the doorstep.

H: Suddenly I’m free of all the dark tangled currents in the water.

B: Christian is alive, Herald still unborn.

H: The world is at peace again.

[M finishes setting up the house, finishes the final arrangements and sits down, looking in their general direction] M: Look at them.  Father and son still.  Just for a moment. Even now we’re all dead.

B: For a moment, yes, it’s the twenties again

H: And we shall speak to each other and understand each other in the way we did before.

[M is still sitting down, but perfectly still as she delivers this next line] M: And from those two heads the future will emerge.  Which cities will be destroyed, and which will survive.  Who will die and who will live.  Which world will go down to obliteration and which will triumph.

[B turns around to face H] B: My dear Heisenberg!

[H turns around and faces B] H: My dear Bohr!

[the two walk arm in arm off stage via the second orbital exit] B: Come in, come in…

Explanations of terms and sets used in the play:

· The characters are denoted B, H and M which stands for Bohr, Heisenberg and Margrethe respectively.  

· The levels of the set:

· The ground level is referred to as the nucleus
· The first raised platform, the one which surrounds the nucleus, is referred to as the first orbital
· The second raised platform, the platform which surrounds the second orbital 

· The “proton actor” the “neutron actor” and the “electron actor”

· If it is not noted, the electron actor is always on a raised platform, the neutron actor is always in the nucleus and the proton actor is always in the nucleus, usually towards center stage, but not always.

· What is meant by “orbiting”

· When a stage instruction involves orbiting, it is meant that the actor walk around the platform (being careful NOT to switch platforms until the script notes).  The speed of the walking in orbit should reflect the energy of the conversation.

· The stage set up at the beginning of this excerpt

· At the beginning of this excerpt all that is on stage are the three actors, and two desks with chairs.  One desk is meant to be the desk on which Bohr and Heisenberg do their calculations.  This desk is located in the center of the stage (on the ground state.)  The desk is a mess.  It is cluttered with papers that have numerous calculations on them, some crossed out, some circled and of course, some chicken scratch.  There are folders with papers spilling out of them with more calculations and sloppy diagrams on them.  Numerous pens and pencils are scattered on the desk.  This desk is supposed to reflect the frantic work of the scientists.  The other desk is located next to the entrance on the ground level.  It has Margrethe’s typewriter on it.  When M is not busy setting up the Bohr household or cleaning up the mess of the first desk, she can be sitting at her typewriter, typing.
· The stage set when Margrethe sets up the stage to look like the Bohr household

· Margrethe changes the set in the middle of the scene from the messy physicists’ “drawing room” to the Bohr household.  During the scene, when indicated in the script, she removes the desks and starts setting up the house.  In the house is a sitting chair, a coffee table, two other chairs (which are easily transported by one person, but look fancy enough to be in the Bohr estate), and a small table which has on it a vase with flowers in it and a lamp.  M’s typewriter is still onstage.
Because I chose to stage the play as subatomic particles interacting in an atom, I needed to help understand the workings of an atom.  These a few featured points that are essential to understand the stage directions and stage set that I created for “Copenhagen”.
Scientific material behind the play
Rutherford’s experiment and his subsequent nuclear model of the atom
In 1911, Ernest Rutherford analyzed the results of an experiment using alpha particles in order to see how they interacted with atoms.  The predicted result was that the alpha particles should pass right through a sheet of densely packed atoms because the charges of the atom were evenly distributed throughout the atom.  Given the mass and high velocity of the alpha particles, they should pass through undisturbed by the distributed changed particles.   

The alpha particles were directed at thin sheets of gold foils with velocities of ~10,000 miles per second.  Most of the alpha particles passed through the sheets of foil with almost undiminished speed and produced a sharply defined spot of light on a sheet of zinc sulphide set up behind the gold foil.  (See Figure 1) However, some alpha particles did not create a spot of light on the zinc sulphide sheet; some particles were reflected back toward the source by the gold foil.
To explain why some of the particles reflected back, Rutherford concluded that the mass in an atom is not evenly dispersed throughout the entire atom, but rather is concentrated in the center of the atom, the nucleus.  Rutherford also deduced that the nucleus has a positive charge.  If this were the case, there would be strong deflection in the alpha particles (which are positively charged, as is the proton-heavy nucleus) which passed within close proximity to the nucleus and direct hits could even be reflected back toward the ground.  There is no way a uniform mass could lead to backscattering so the backscattering alpha particles must have hit something very dense and very small; the nucleus.
Protons, neutrons and electrons

Protons:


Protons are positively charged particles with a mass (~1.67 x 10-24g) which are found in the nucleus.  The number of protons us the defining feature of an element; an element with six protons will always be carbon, an element with seven protons will always be nitrogen, etc.  The atomic number of an element corresponds to the number of protons which it contains.

Electrons:

In addition to proposing that atoms have a dense core of positively charged protons, Rutherford proposed that electrons, another subatomic particle present in atoms, must also have a charge.  Due to experiments involving a cathode ray
 and the ionization processes
 it was deduced that electrons must have an equal, but opposite, charge compared to protons.
Due to the electron’s negative charge, electrons are attracted to the protons in the nucleus.  So how can it be that the atom is not a self destructive particle?  Electrons orbit around the nucleus (which will be discussed later in this paper); the interaction between protons and electrons is governed by the opposite electrical charges of the particle.
To emphasize the importance of the electron, I will quote a passage from The Atom and the Bohr Theory which succinctly shows the role of protons and electrons:
The properties of the element can be divided into two defined classes i) properties of the nucleus which determine a) the radioactive process, or explosions of the nucleus and related processes b) collisions where two nuclei approach extremely near to each other and c) weight of the element. and ii) properties of the electron system which determine all other physical and chemical activities (Holst, 94)

Holst notes that the role of the electron is to interact with other atoms.  Atoms interact through the characteristics of their electrons.  Electrons from different atoms interact with one another to form bonds between atoms and form molecules.

The mass of an electron is small, approximately 1/1836 the mass of a proton. 
Neutrons:


Atoms are electrically neutral, so in an atom, there must be the same number of protons as there are electrons; the positive charge equals the negative charge.  Electrons contribute little mass.  However, the atomic mass of an element is not equal to the atomic number of that element.  The additional mass indicates that there must be another neutrally charged subatomic particle in the nucleus.  This neutral particle, with a mass slightly more than that of a proton, is called a neutron.
Bohr’s Atom Model
As Rutherford hypothesized, the electrons in an atom cannot simply remain stagnant or else they would fall into the nucleus due to the positive charge of the proton, therefore the electrons must orbit the nucleus.  Niels Bohr designed a model of an atom which explained how the atom can maintain electron orbitals.  His model of the atom rests on the following points:

1.  Out of the infinite number of possible configurations of electron orbitals, only a certain number of orbits actually occur.  Each of these specific orbits is associated with a particular energy level.

2.   The electron does not emit energy while it is in orbit.
3.  Energy is emitted or absorbed by an electron only when it goes from one orbit to another.  The energy absorbed or omitted is not dribbled out gradually but is emitted or absorbed suddenly in a single package called a quantum.  The energy of the quantum is equal to the difference in energy between the initial and final states of the electron.
Bohr’s postulations were significant because they only allowed for discrete energy levels.  Transitions from one energy state to another energy state either emitted or absorbed a quantum of energy.  This contrasted with the early model which allowed gradual transitions from one energy state to another, spreading energy evenly across the orbital.
The Bohr energy level diagram

Bohr related the radius of an electron’s orbit to the energy of the electron.  However, when Bohr applied this concept he did not apply it without restrictions.  Without restrictions, the electrons would be free to orbit in any pattern around the nucleus, which could mean that the electron would have a wide range of energies instead of one fixed amount of energy for a fixed orbital.  
In Bohr’s model, the electron circles the nucleus in orbits of a certain radius which corresponds to specific energies.  Electrons only have certain energy levels and therefore the orbitals can only have certain radii.  Each radius is an orbit and has an assigned integer, n.  The integer n is known as the principal quantum number.  The value of n ranges from 1 to infinity.  “The energy of the electron and the size of its orbit increase as the value of n increases.  The orbit of lowest energy, n=1, is closest to the nucleus.” (Moore et al., 280) When an electron is in its lowest energy level, that is to say as close to the nucleus as possible, it is said to be in the ground state.
Transitions between energy levels in the Bohr atom
In order for an electron to change energy levels, either energy must be absorbed by an electron from an outside source to move to a higher orbital, or an electron must emit energy to move to a lower orbital.  When an electron absorbs energy, the electron must increase its quantum number and orbital radius.  Conversely, when an electron emits energy, its quantum number decreases and the electron orbits closer to the nucleus.  
When an electron absorbs energy, and moves into another orbit, it is said to be in an excited state, in which it has more energy than in its the ground state.  An electron in the excited state is unstable and is more reactive than when it is in its ground state.  When an electron moves from its excited state to the ground state, the electron emits the energy gained from moving into the excited state as a photon.  
Heisenberg’s Uncertainty principle
In order to measure the location of something, a process in which light is reflected off of it proves to be most accurate.  This is not the case with an electron however because in doing so, the position of the electron is so altered by the interaction between the photon, that any measurement obtained holds very little, if any significance.  Lowe’s et al. Quantum Chemistry does a nice job of summarizing this phenomenon:  “We cannot measure properties of the [electron] without affecting the future development of the [electron] in a nontrivial way…no matter how cleverly one devises the experiment, there is some minimum necessary disturbance involved in any measurement…The measurement of particle position leads to loss of knowledge about particle momentum.” (Lowe et al., 18)  The idea that we cannot simultaneously know the exact position and the exact momentum of an electron is Werner Heisenberg’s uncertainty principle.  
About the staging of the play

Proton, neutron and electron actors

The Proton actor:

The proton is the definer; the amount of protons an element has is what defines the element.  The proton in the relationship between the three actors is the actor who makes the primary point/assertion from which subsequent dialogue follows.

The electron actor:

The electron actor is in direct conflict with the proton actor (thus representing the opposing charges that protons and electrons have).  The position of the electron actor is determined by the relative “size” of the argument.  If the argument seems to have a low energy, the electron actor will orbit in the first energy level, closest to the nucleus.  As the energy of the argument increases, the electron actor will rise to the higher platform.  The electron actors gets more energy and gets farther away from the nucleus as the argument “heats up” (an electron needs an energy input in order to increase its quantum number and this input comes from the intensity of the argument).  
The neutron actor:

The neutron actor holds the show together.  Although maybe indifferent about the conflict in the dialogue (doesn’t carry a charge), he or she adds weight to the atom/show keeping it sustained and keeping the show together.  In order to help the show move smoothly, the neutron actor is the actor who does scene changes (thus representing the substance that a neutron holds in an atom)

Size and shape of the stage

The size and shape of the stage reflects an atom.  The play should ideally be performed in the round so that the actors can make full orbits thus creating the best illusion of the Bohr model of the atom.  The platforms increase in height starting from the center, which is at ground level and going to the second energy level.  This is to represent the different energy levels, from lowest to highest in an atom.
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Figure 1: a diagram of Rutherford’s experiment
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� A cathode ray is a device which shoots electrons.  The rays are shot through two plates which each have either a positive or a negative charge.  The electrons, are attracted to the positively charged plate.


� The process by which an element either gains or loses electrons, giving it a charge.





