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CONTENTS 5

Introdu
tionFrom April until De
ember I have studied the energy distribution of a pure ele
tronplasma. The measurements were done on MINERVA at the European Laboratoryof Parti
le Physi
s CERN. The energy distribution is one of the key properties of aplasma. With it, the plasma size and a wave analysis the dynami
s of the plasma arefully determined.The syn
hrotron radiation of the ele
trons in a magneti
 �eld should 
ause the plasmato loose a lot of (thermal) energy and thus 
ool down. My task was get a pro
edurefor the temperature evaluation working and test the syn
hrotron 
ooling me
hanism.The whole experiment was done as a test for ATHENA. ATHENA is one of the threefuture experiment at the antiproton-de

elerator at CERN. The aim of ATHENA isto produ
e antihydrogen study its spe
trum and 
ompare the result with a hydrogenreferen
e measured on the same ma
hine. As proje
ted this measurement will be the"highest-pre
ision\ CPT-test so far { relative world$antiworld asymmetries of 10�18should be observable.In the whole ATHENA it is important to have very low temperatures for three reasons:1. The spontaneous re
ombination rate e+ + p ! H de
reases rapidly with in-
reasing energies.2. The 
apturing potential for neutral "anti-atoms\ in a quadrupol �eld is small{hot atoms 
an not be held3. The pre
ision of the experiment 
an only be a
hieved if the lasers do not en-
ounter fast moving obje
ts. Any opti
al Doppler-e�e
t should be negligible.There are two plasmas involved in ATHENA. The �rst is a positron plasma. It is the�rst half of the antihydrogen. The se
ond is an ele
tron plasma. It is not dire
tlyused but serves as a de
elerator for the antiprotons. The temperature of the ele
tronplasma is the average energy of the antiprotons.All this makes it 
lear that temperature measurement is a 
ru
ial diagnosti
 forATHENA.



Chapter 1Ele
trodynami
s of plasmas1.1 Typi
al �elds1.1.1 The solenoid �eldI will only say a few words about the solenidal �eld. The magneti
 �eld within a long
oil with length l and N windings is given by:~B = �0Nl I � A1I � ~ez (1.1)This is in true as long as you look well inside the magnet (no boundary e�e
ts) and thewindings are regular. For the MINERVA system A1 is known to be A1 = 0:01718(5)TA .This 
onstant was measured in the fa
tory.1.1.2 The �eld in a 
ylinderIn this se
tion I will present, how the ele
tri
 �eld and potential of a 
ylinder withapplied voltage looks like. The relevan
e of this situation for Minerva be
omes 
lear,when you 
onsider, that the ele
trodes in my trap are all 
ylindri
al. The solutionto this problem is \straight forward": The potential obeys the Lapla
e-equation.So solving the problem means solving that di�erential equation for a given set ofboundary values. I'll start with a �-symmetri
al potential and the Lapla
e-equationin 
ylindri
al 
oordinates.�2V��2 + 1� �V�� + �2V�z2 = 0 (1.2)V (�; z) � f(�)g(z) (1.3)6



1.1. TYPICAL FIELDS 7
whi
h leads to: 1f �2f��2 + 1f� �f�� = �1g �2g�z2 � �2 (1.4)Setting both the �- and the z-part to mat
h a 
onstant is just an attempt, but seemsreasonable 
onsidering the fa
t, that the Lapla
e-equation has to be valid for everypoint in spa
e. Assuming a positive value for these terms will prove to be the right
hoi
e but is of 
ourse not a priori evident.If I ask for a solution, that is symmetri
al in z and for a potential of zero at the endof the ele
trode (z � �z0 = l2 ), I immediately get:g(z) / 
os(�nz) (1.5)with �n = (2n+1)�2z0 . Note that the z-dependent equation gives a restri
tion for possiblevalues of �.The equation for � is 
alled the \Bessel equation" and has the following solution:d2fd�2 + 1� dfd� + ({�)2 = 0) f(�) = f0 � J0(i��) (1.6)J0 stands for the Bessel fun
tion of order zero. Now I will 
ombine the solutionsand ask for a linear 
ombination that ful�lls the boundary 
ondition V(R) = -18z 2 [�z0; z0℄ .This gives me the solution: De
omposition of potentialV (�; z) = 1Xn=0 
nJ0(i�n�) 
os(�nz) (1.7)
n = 4(�1)n+1(2n+ 1)�J0(i�nR)
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Figure 1.1: Ele
trostati
 potential along the 
entral axis. The dimensions are takenfrom the real MINERVA ele
trode geometry.
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Figure 1.2: Ele
trostati
 potential in radial dire
tion from the 
enter of the ele
trode.The dimensions are taken from the real MINERVA ele
trode geometry.



1.2. MOTIONS OF PARTICLES IN ELECTROMAGNETIC FIELDS 9
1.2 Motions of parti
les in ele
tromagneti
 �elds1.2.1 Introdu
tionA nonneutral plasma 
onsists of a lot of 
harged parti
les. Ea
h one of them ful�lls:md~vdt = q( ~E + ~v � ~B) (1.8)The motion of a parti
le is fully determined by this equation. The only problem is, nonrelativisti
 equation of mo-tionthat the �elds strongly depend on positions and velo
ities of all the other parti
les.Solving this multiparti
le system is virtually impossible. Nevertheless one 
an learn alot by examining movements of single parti
les, be
ause this gives a lot of qualitativeinformation on how the traje
tories look like.1.2.2 Movement in a homogeneous magneti
 �eldLet's start with the movement of a nonrelativisti
 parti
le in a 
onstant, homogeneousmagneti
 �eld ~B(~R) = Bz ~ez The nonrelativisti
 equation of motion simpli�es to:mdvxdt = qvyBz (1.9)mdvydt = �qvxBz (1.10)mdvzdt = 0 (1.11)Di�erenting for time and inserting the two 
oupled equations gives the following result.vx = v? sin(
t) (1.12)vy = v? 
os(
t) (1.13)vz = vz (1.14)With 
 = qBzm . What kind of orbits will one see in this homogeneous �eld? Any gyromotionmovement parallel to ~B will not be a�e
ted, so parti
les 
an move parallel to themagneti
 �eld with a 
onstant velo
ity. If a parti
le has a velo
ity 
omponent whi
his not parallel to ~B then it will start 
ying a 
ir
le in the plain perpendi
ular to Orbits look like a helix~B . The radius and frequen
y 
an be 
al
ulated using the 
ondition for a 
ir
ularmovement. R = mv?qBz = p2mqBz pE? (1.15)�
y
lotron = �
 = 12� eBzm (1.16)
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By simply looking at the dire
tion in whi
h the Lorentz for
e is pointing, one �ndsthat negatively 
harged parti
les go around in the positive dire
tion, while positiveones turn in the opposite dire
tion. The two expressions "gyration\ and "
y
lotronmotion\ 
an be used synonymous.B=2T B=1T B=0.5TE[eV℄ R[�m℄ R[�m℄ R[�m℄411600 0.03 0.06 0.120.001 0.05 0.1 0.20.01 0.15 0.3 0.60.1 0.5 1 20.5 1.2 2.4 4.81 1.7 3.4 6.82 2.4 4.8 9.64 3.4 6.7 13.410 5.4 10.7 21.4Table 1.1: Gyroradii for di�erent magneti
 �eld strengths and perpendi
ular kineti
energies. The lowest energy 
orresponds to liquid helium.The gyroradius of ele
trons in a suÆ
iently high magneti
 �eld is very small 
om-pared to other dimensions like trap dimensions or axial spielraum. It is interestingto see how well a single parti
le is prevented from moving a
ross a magneti
 �eld.Just for fun you 
an 
al
ulate the ele
tri
 �eld strength needed for a for
e equivalentto the Lorentz-for
e of an ele
tron with E? = 1eV in a 1T �eld. The a

elerationresulting hereof is the dominant a

eleration an ele
tron sees in MINERVA
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1.2.3 Homogeneous ~B -�eld with a perpendi
ular ~E -�eldIn addition to the magneti
 �eld I would now also like to have a 
onstant ele
tri
 �eld~E . I split this �eld into ~E = ~E? + ~Ek (1.17)Of 
ourse the parallel and orthogonal are to be understood with respe
t to the mag-neti
 �eld. I will again have to solve the nonrelativisti
 equation of motion (equation1.8) as introdu
ed in 1.2.1. The ~Ek doesn't interest me sin
e the parti
le 
an movealong the magneti
 �eld lines anyway. So this parallel 
omponent just gives a 
onstanta

eleration in the dire
tion of the magneti
 �eld.To �nd out, what the ~E? term does I start with the following parametrization:~v? � ~E? � ~BB2 + ~u (1.18)Then you get (omitting the parallel part):d~udt =|{z}def d ~v?dt =|{z}equation of motion qm ~E? � ~BB2 � ~B + qm~u� ~B + qm ~E? (1.19)This does not look as if we gained anything. But using k ~A � ~Bk = k ~Akk ~Bk sin(�),our orthogonal setup and the `write hand rule' equation 1.19 simpli�es to:d~udt = � qm ~E?B2B2 + qm ~E? + qm~u� ~B (1.20)= qm~u� ~B (1.21)whi
h I of 
ourse don't have to solve again, sin
e it's the same equation I had for onlya magneti
 �eld.So what happens is,that a parti
le still turns in the 
ir
les but now also has a Constant drift a
ross ~B andperpendi
ular to ~E
onstant \drift" ~E?� ~BB2 . Quite surprisingly this drift does not depend on the 
hargeof the parti
le and is perpendi
ular to the ele
tri
 �eld.This situation 
an of be generalized for any homogeneous for
e, giving a drift velo
ityof ~vdrift = 1q ~F? � ~BB2 (1.22)Be
ause the magneti
 �eld in MINERVA is almost parallel to the gravitational for
e,this �eld does not give a ~G� ~B drift.
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1.2.4 Generalization of the ~E � ~B drift{guiding 
enter theoryThe previous se
tion showed two remarkable things.� The motion 
ould be split up into the gyromotion, that is a rotation, and a(
onstant) drift motion, in that 
ase 
alled ~E � ~B -drift. This orbit looks asif the parti
le is still 
ir
ling around a 
entral point (
alled the 
enter) but inaddition the 
enter is moving as well.� The dire
tion in whi
h the parti
le is moved is perpendi
ular, to the dire
tionof the �eld lines.Omitting the gyromotion looks like a ni
e approa
h be
ause as shown in se
tion 1.2.2the gyroradii are generally very small 
ompared to trap sizes or plasma lengths andthus don't interest me for the time being as long as I know the orbit of the 
enter.\Explanation" for the Drift a
ross ~EIn order to say something about the validity of the guiding 
enter theory, I would liketo understand why the drift is perpendi
ular to the ~E -�eld.

Figure 1.3: The additional for
e 
an be 
onsidered 
onstant and thus a
ts against orin favor of the Lorentz-for
e.Fig.(1.3) shows a parti
le in the situation of 1.2.3. The �gure is an unperturbatedparti
le, gyrating around the standing 
enter. The arrows show the dire
tion of the
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for
e stemming from the ele
tri
 �eld. As one sees, this for
e pulls in the samedire
tion as the Lorentz-for
e at A, while it a
ts against the Lorentz-for
e at B.Considering equation (1.15) one �nds:Point A: The ele
tri
 for
e enlarges the Lorentz-for
e. The gyroradius be
omessmallerPoint B: The ele
tri
 �eld a

elerates the parti
le, for
ing it onto a larger radiusPoint C: The ele
tri
 for
e works against the Lorentz-for
e and the velo
ity rea
hesit's maximum. So does the gyroradiusPoint D: The parti
le is de
elerated and thus has a smaller gyroradiusThe reason I still use the word gyroradius is be
ause the Lorentz-for
e always wantsto for
e the parti
le onto a 
ir
ular motion. The typi
al geometri
al forms that showthis behaviour are 
alled \
y
loids".Using our knowledge of those 
y
loids (remember, that they des
ribe the orbit of apoint on a rotating wheel) we 
an understand the fa
t, that the drift is perpendi
ularto the for
e. In the example of the wheel the for
e would of 
ourse be the gravitation.

Figure 1.4: A 
y
loid is the orbit of a �xed point on a unrolling wheelDoes this idea of a parti
le that spins be
ause it's gyroradius varies from pla
e to pla
emake sense? In general no. Of 
ourse one always wants a magneti
 �eld, be
ause youdon't see any gyromotion without the magneti
 �eld. A fairly safe 
ondition is denotedby the following equation:maxx2D;y2D j ~F (x) � ~F (y) jminx2D ~F (x) � 1 8D(s) := �x 2 R3 : j x� s j< Rgyro	 (1.23)
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All this 
ondition does, is reassure, that 
hanges in dire
tion and strength of the for
estemming from the perturbation are very small. This way we 
an lo
ally treat thefor
e as 
onstant and thus lo
ally apply the rules for a homogeneous 
onstant �eld.(
ompare se
tion: 1.2.3)Thanks to this approximation, we get a simple and intuitive 
hara
terization of pos-sible orbits. All traje
tories of parti
les in a situation dominated by a ~B -�eld of highuniformity lo
ally look like 
y
loids.Orbits lo
ally look like 
y
loids Lets look at a 
y
loid. (See Fig.1.4) The mathemati
al formula that des
ribes a
y
loid is: � xy � (s) = � ms+ sin(!s)
os(!s) � (1.24)The movement of the rotational 
enter is parallel to a tangent at the pla
e with thesmallest 
urvature (That is equivalent to the largest radius). Transferring this to ourorbits, this means: The dire
tion of the guiding 
enter is in the dire
tion of the speedof the parti
le, at the pla
e, where its gyroradius is lo
ally maximal. This is the 
ase,if the perturbating for
e points in the opposite dire
tion of the Lorentz for
e.Parti
les move a
ross the per-turbating �eldlines Appli
ation of the guiding 
enter: unidire
tional ~B -�eld with �eld gradi-entWith the knowledge of the pre
eding subse
tion, we 
an now quite easily analyzea 
ouple of �eld situations. The �rst assumes, that the magneti
 �eld is now not
onstant anymore, while still timeindpendent and unidire
tional.The nondisappearing �eldgradient (of for instan
e Bz) gives an additional Lorentzfor
e that on
e again results in a lo
ally varying 
y
lotron radius. Where is the pla
e,where the 
urvature is the lowest? The answer is easy, it's where the additionalLorentz for
e opposes to the \normal" one. The resulting drift of the parti
le willthus be perpendi
ular to the magneti
 �eld gradient.The drift velo
ity 
an quite easily be 
al
ulated. I'll do this for a ~B -�eld ~B = B(x)~ez .Obviously then the gradient will have the formgrad ~B = �B�x ~ex (1.25)The drift velo
ity is parallel to ~ey. In order to evaluate the speed, I will 
al
ulate theaverage for
e and then redu
e this equation to the one for the ~E � ~B drift. The for
efor the parti
le is given by: ~F = q~v � ~BFy = �qvxBzFx = qvyBz (1.26)



1.2. MOTIONS OF PARTICLES IN ELECTROMAGNETIC FIELDS 15
Assuming all 
onditions for perturbation theory (the requirement for drift theoryallows me to do so) are ful�lled I insert the unperturbated orbit in order to get thevelo
ities. Fy = �qv? sin(!t)(B(x0 � v?! 
os(!t)))= �qv? sin(!t)(B0 � v?! 
os(!t)�B�x ) (1.27)Fx analog= qv? 
os(!t)(B0 � v?! 
os(!t)�B�x ) (1.28)The temporal averages are 
al
ulated by integrating over one period and dividingthrough the period. This leads to:hFyi = 0 (1.29)hFxi = � q! v2? �B�x � 12 (1.30)Now I have brought this into the form of the ~F� ~B situation, giving me a drift velo
ityequal to: ~vdrift = 1q h~F � ~BiB2 = �(v2?2! )r ~B � ~BB2 (1.31)

Figure 1.5: r ~B|drift. A magneti
 �eld gradient provokes a drift perpendi
ular tothe gradient.
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1.3 The Minerva trap situation.As next thing I will dis
uss what happens to a parti
le that moves in a Penning trapwith 
ylindri
al ele
trodes. An illustration of su
h a trap 
an be found on page ***,where I present the experimental setup of MINERVA . The �eld of su
h an ele
trode,for an applied voltage was des
ribed in 1.1.2. I will dis
uss the radial and the axialmovement individually. Combining the to motions that generally don't de
ouplemakes little sense, sin
e I am mainly interested in a qualitative knowledge of possiblemotions. Also the situation will 
hange as soon as I make the step from a singleparti
le to a plasma. Nevertheless the me
hanisms stay the same.1.3.1 The radial movementWith the knowledge of the guiding drift 
enter the des
ription of the radial movementis greatly simpli�ed. On any ele
tron, that is o� 
enter, an ele
trostati
 for
e will

Figure 1.6: The radial for
e-�eld lines seen by an ele
tron.be a
ting. This for
e always points towards the radially inwards. Just due to theguiding drift theory, we 
an thus predi
t that the parti
le will start 
ir
ling aroundthe 
enter, due to ~E � ~B{drift.
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Setting up the equation of motion is quiet straight forward.�x = qBzm _y � a22 x�y = �qBzm _x� a22 y (1.32)a22 = qmE = qm � (�rVele
trode)The velo
ity dependent term is just the Lorentz{for
e. The se
ond term representsthe extra for
e, due to the ele
trostati
 potential applied on the ele
trode. Theproportion to the position (x,y) guarantees a radially symmetri
 �eld. To prove this,just 
al
ulate the modulus of the for
e. In reality strength of the for
e is not given by a
onstant a22 but sin
e the motion will be 
ir
ular, I 
an negle
t this radial dependen
e.The solutions of the equations of motions for the initial 
onditions x(0) = R1 +R2,y(0) = 0,vx(0) = 0,vy = �R1!1 �R2!2 are given by:x(t) = R
 
os(!
t) +R2 
os(at)y(t) = �R
 sin(!
t)�R2 sin(at) (1.33)!� = !
2 + 12p!2
 � 2a2 �|{z}a�!
 !
!m = !
2 � 12p!2
 � 2a2 = !
 � !� � !
 (1.34)The exa
t formulas for the new frequen
ies !� and !m are not important. The essen-tial thing to know is, that the small rotation is fast (nearly the same frequen
y as theunperturbated 
y
lotron motion) and the large rotation is slow in the typi
al �eldsen
ountered at MINERVA . The typi
al region in whi
h !m, the so 
alled "magnetronmotion\, lies is about 10kHz. The additional rotation on alarge radius is 
alled mag-netron motion.Mathemati
ians 
all these orbits hyper
y
loids. They look like a wheel rolling on thesurfa
e of an other wheel.
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Figure 1.7: A typi
al hyper
y
loidi
al orbit of an o�-
entered ele
tron. The gyro-os
illation is 
onsidered mu
h faster than the magnetron-motionThe radius R2 is given by the o�set the parti
le has at the beginning of themotion. Afterwards it stays for long times. This o�set is a ma
ros
opi
al dimension.The parti
le will have this kind of o�set, be
ause the �lament (see ***) is not wellaligned with the trap and does not depend on the magneti
 �eld. It is mu
h biggerthan the gyroradius. Forgetting the gyration leaves a 
ir
ular motion.
1.3.2 The axial motionThe motion in dire
tion of the magneti
 �eld is given alone by the ele
tri
 �eld of theele
trodes. In �rst approximation a parti
le will feel a small for
e while it is awayfrom the ele
trodes and a very big for
e as it rea
hes the ele
trode. This is easy tounderstand. The for
e is proportional to the gradient of the ele
trostati
al potential,whi
h I 
al
ulated in ***.
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Figure 1.8: A simpli�ed view of the potential in axial dire
tion. A parti
le moveswith nearly 
onstant velo
ity between the ele
trodes and de
e
ted very abruptly atthe entran
e of the ele
trodesUsing this simpli�ed model makes it easy to des
ribe the axial motion. If a parti
lestarts in the middle of the trap with a kineti
 energy Ekin it will just boun
e to andfro. The boun
e frequen
y is given by:�boun
e = 2sv = 2sq 2mE (1.35)Here s is the distan
e between the two ele
trodes. For an ele
tron with a kineti
energy of 1eV and a distan
e of 5
m the boun
e frequen
y equals to about 6MHz.Espe
ially with respe
t to the following se
tion on radiation it is important to notethat the average a

eleration for the axial moment is rather small.1.4 Radiated power of an a

elerated 
hargeHere I would like to 
al
ulate the amount of power a parti
le emits if it gyrates ina 
onstant ~B -�eld. This formula will be used later on to 
al
ulate the 
ooling rateof a plasma. A

ording to [1℄ on pages 658{662 the power emitted by an a

eleratedparti
le is: P = �dEdt = 23 e2
3 jaj2 (1.36)where a is the a

eleration.The next thing I have to do is 
al
ulate the a

eleration for a gyrating parti
le. Using



20 CHAPTER 1. ELECTRODYNAMICS OF PLASMAS
the 
ondition for 
ir
ular movement a = !2r and equations (***) I 
al
ulate:a = �eBzm
 �2�mv?eBz � = eBm
r 2mE? = !
v? (1.37)whi
h leads to: dEdt = �43 e4B2m3
5E? � ��E? (1.38)Whi
h results in: E(t) = E0 � exp(��t) = E0 � exp(� t�s ) (1.39)� � 3:87 � 10�9s�1 �B2z [G℄B[T℄ B[G℄ �[ 1s ℄ �s[s℄0.1 1000 3:87 � 10�3 2590.5 5000 9:66 � 10�2 101 10000 0.39 2.582 20000 1.55 0.645

Figure 1.9: A gyrating and radiating parti
le rotates with 
onstant angular velo
ityand exponentially de
reasing radius.O� 
ourse it is not 
lear, whi
h a

eleration makes the main 
ontribution to theradiation losses. But 
omparing ele
tri
al for
es a = qmE and the Lorentz-for
e
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al = qmvB qui
kly resolves that the Lorentz-for
e is the dominant term for suÆ
ientlyhigh magneti
 �elds.If the parti
le doesn't only move perpendi
ular to the magneti
 �eld, the solution getsmore 
ompli
ated. This is due to the fa
t that the radiation is preferably in dire
tionof the velo
ity. This means that not only will the rotation move to a smaller radius,but also the parallel motion will be slowed down.The solution of this problem is diÆ
ult be
ause the angular distribution of the emittedradiation depends on the speed of the parti
le. I would just like to mention two 
ases:vk � v? Most of the kineti
 energy is in the motion perpendi
ular to the ~B -�eld.Thus the a

eleration and emitted power are large. The parti
le is slowed downvery rapidly.vk � v? The main part of the kineti
 energy does not 
ontribute to the de
elera-tion. The parti
le is slowed down rather steadily. Parti
les that have a highper
entage of \parallel" velo
ity remain fast for a longer time than those withhigh \perpendi
ular" speeds.This will later on give rise to the 
on
ept of two di�erent temperatures of a plasma.One perpendi
ular, that thermalizes qui
kly and one parallel to the magneti
 �eld,that 
hanges more slowly or not due to the syn
hrotron-radiation. Equation (***)gives an upper limit for the 
ooling speed of a plasma due to radiation 
ooling. Itis interesting to note, that if one 
onsiders pure gyration (that is with no additionalvelo
ities) the 
ooling rate, is the same for any initial energy. This means, thatan energy distribution essentially stays the same in form but merely gets squeezedtogether.Obviously this 
an not be the whole 
ooling me
hanism. Radiation losses would 
ausea plasma to 
ool down to 0K. The syn
hrotron radiation is however the main 
oolingme
hanism for high temperature plasmas.
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1.5 Interparti
le pro
esses | Collisions and s
at-teringUntil now I have only looked at a single parti
le in a timeindependent ele
tromagneti
�eld. The next step towards the plasma situation is looking at how parti
les intera
twith ea
h other. In this se
tion the number of parti
les will still be very small (� 2).All pro
esses are assumed to be elasti
 (No 
hemistry involved)1.5.1 Transfer of momentumThe dynami
s of the s
attering pro
ess is of 
ourse well de�ned for a given initialstate. But as I have to average over a lot of possible s
atterings anyway, I will notlook at that now. I would like to understand how mu
h momentum is transferredduring a 
ollision as a fun
tion of the s
attering angle. Sin
e all pro
esses are elasti
and the system is 
losed, both total momentum and energy are 
onserved. Sitting inthe resting frame of parti
le 2, this results in:m1~v1 = m1~v�1 +m2~v�2m1v21 = m1v�12 +m2v22 (1.40)Figure (**) shows the three non{zero ve
tors of momentum. For the 
oordinates

Figure 1.10: Conservation of momentum(x,y) of the point P, that is the endpoint of m~v�2 I 
an write (this is just applyingPythagoras's law): x2 + y2 = m22v�22(m1v1 � x)2 + y2 = m21v�12 (1.41)
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Inserting these equation into the equation for the 
onservation of energy (**) givesresults in: m1v21 = 1m1 ((m1v1 � x)2 + y2) + 1m2 (x2 + y2) (1.42)whi
h simpli�es to: x2 + y2 � 2 m1m2m1 +m2 v1x = 0 (1.43)This 
an be written in the form:(x� m1m2m1 +m2 v1)2 + y2 = ( m1m2m1 +m2 v1)2 (1.44)This equation has a geometri
al meaning. It says that P lies on a 
ir
le that isdes
ribed by: R = x
enter = m1m2m1 +m2 v1 and y
enter = 0 (1.45)Lets look at elasti
 s
attering of two parti
les with the same mass. Remembering

Figure 1.11: S
attering with m1 = m2the theorem of Thales, we see that the angle between the two s
attered parti
lesis 90Æ. We also see, that the maximal transfer of momentum o

urs for a head{on s
attering. Then the in
oming parti
le gives all it's momentum to the s
atteredparti
le. The transfer in
reases like 
os(�s
attering). The highest s
attering angle is90Æ in the resting frame of a parti
le. If both parti
les 
ollide with the same velo
itiesbut opposite dire
tion, the over all maximum of �s
attering = 180Æ is possible. Aparti
le 
an never 
hange it's momentum more than all it's momentum in the rest
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frame of the other parti
le.The next 
ase I would like to 
onsider is that where m1 � m2. This is the 
ase fora (fast) ele
tron 
olliding with a (approximately resting) neutral atom (rest|gas).Taking the limm1!0 in equation (***) gives R = x
enter = m1v1. This is shown in�gure (***)

Figure 1.12: S
attering with m1 � m2The momentum of the s
attered ele
tron 
an point in any dire
tion, but will still havethe same modulus. This means, that neutral atoms will in �rst approximation not
ontribute to the relaxation be
ause they don't slow down the ele
trons suÆ
iently (aslong as the pressure is low enough of 
ourse). However, sin
e the ele
tron 
an rapidly
hange it's dire
tion when 
olliding with a neutral, these 
ollisions will 
ontributeto internal thermalization. They espe
ially prevent a de
oupling of the parallel andperpendi
ular energy distribution. This is one of the 
entral assumptions I will alwaysmake.The other 
ase, where a fast neutral and a slow ele
tron 
ollide doesn't have to be
onsidered. The reason for this is that the rest gas 
an be 
onsidered in thermalequilibrium with the surrounding (liquid helium) so that almost all the neutrals havea low velo
ity 
ompared to the velo
ities of the light (and hotter) ele
trons.1.5.2 The in
uen
e of s
atterings on the guiding 
enter theoryIn this se
tion I would like to show what 
ollisions and s
atterings do to the orbitof a parti
le. It will soon be
ome 
lear, that depending on the 
ollision{frequen
y,that is the number of 
ollisions per se
ond, these events 
an either be 
onsidered asa perturbating e�e
t or as the main sour
e of movement.Figure *** gives a feeling for the e�e
t of a s
attering. If the s
attering is a short
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Figure 1.13: The guiding{
enter of a s
attered parti
le seems to jump abruptlyevent (whi
h it normally is, be
ause most of the orbit{
hanging happens during avery short time), we 
an 
onsider it to be a binary event. So the momentum suddenly Collisions allow ele
trons tomove a
ross magneti
 �eldlines
hanges abruptly. After the s
attering the parti
le will 
ontinue a guided gyromotion.So if you think of the s
attering to be a short point{event then the e�e
t it hasma
ros
opi
ally, is that it makes the guiding{
enter jump.Ele
tron{ele
tron-s
atterings happen at a rate that is roughly determined by:�s
attering � v�D (1.46)This gives a upper boundary. The length �D , the Debye-length is a length withinwhi
h an ele
tron always has a lot of neighbors. It's physi
al de�nition an meaning isgiven in (***).v is a typi
al (or average) velo
ity. The number of 
ollisions is (about)the same for slow and fast parti
les be
ause a slow parti
le is passed by lots of othersand a fast one passes others { it's just a point of view. The ele
tron{neutral-s
atteringfrequen
y is determined by taking the formula for the pressure of an ideal gas. (See***) �neutral � ve��gas (1.47)The 
ollisional frequen
y is normally small 
ompared to the s
attering frequen
y.Nevertheless 
ollisions play an important role for radial transport pro
esses.(See ***)
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1.6 Holding me
hanism for a pure ele
tron plasmaThe fa
t, that I am dealing with a pure ele
tron plasma, that is an ensemble 
onsistingof only ele
trons, gives me a ni
e advantage: I 
an in prin
iple hold the plasma forever.In this se
tion I would like to present, why this is possible. The whole argumentationis more or less a 
opy of [5℄. The interesting 
onsequen
es of this arti
le make itworthwhile to present it again here.I start with the equation for the total angular momentum of a set of parti
les in theMINERVA |trap. P6 = NXi=1 m~v � ~r + ZV 14�
~r � ( ~E � ~B) dV (1.48)The integration 
an be simpli�ed for the ele
trode �elds:ZV 14�
~r � ( ~E � ~B) dV = 14�
 Z 1r=0 Z 1z=�1 Z 2��=0 r(�Er �B)dV= B2
 Zr Zz r2 ���r drdz (1.49)As argumented in [5℄ this 
an be written as:B2
 Zr Zz r2 ���r drdz = B2
Xi qiR2W + B2
Xi qir2i (1.50)Here the simpli�
ation z = 1 was applied and RW stands for the radius of theele
trodes. Using this mu
h more des
riptive formulation, the angular momentumequals: P 6 = NXi=1m~v � ~r| {z }me
hani
al + B2
Xi qiR2W| {z }
onstant +B2
Xi qir2i= NXi=1m~v � ~r + B2
Xi qiR2W � eB2
 Xi r2i (1.51)This formula shows what determines, how well a plasma 
an be held in a magneti
�eld. The me
hani
al part of the angular momentum is negligible, be
ause the perpen-di
ular velo
ities will 
an
el themselves out. If nobody applies any external torque,then the sum of the square radii stays 
onstant. This only works for an ensemble thatonly 
onsists of parti
les with one sign of 
harge. Neutral parti
les do not 
ontributeto the radial term
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A 
ompletely eva
uated plasma trap, with no torque 
an thus store a pure ele
tronplasma for ever. However, as long as the ele
trons 
an 
ollide with neutral atoms, amovement a
ross the magneti
 �eld is still possible. This so 
alled \neutral transport"is the dominating limit to life|times at poor va
ua.For suÆ
iently high va
ua (P� 10�9mBar) it shows that external torques due tomisalignment of the trap to the �eld axis or �eld errors produ
e radial expansion.



Chapter 2Statisti
al Treatment ofplasmas2.1 Introdu
tionUp till now all I have done is looked at the orbits of single parti
les in various �eld
on�gurations. The thing to do now is solve the equations of motion for a large set(� 107) of parti
les, keeping in mind, that the ele
tri
 �eld a parti
le sees dependson the positions of all the other parti
les and that the magneti
 �eld depends on alltheir velo
ities.This problem is mu
h to 
ompli
ated for a diploma student. That's why on normallytries to simplify life. Of 
ourse, we are for most purposes not interested in the ex-a
t des
ription of every parti
le. It would be enough to know approximately, whatthe densities, energy distributions and other ma
ros
opi
 variables equal to. In this
hapter I will derive the results, needed for my thesis, that stem from a statisti
altreatment of the medium plasma. This formalism is very powerful.2.1.1 Example for 
olle
tive e�e
ts | Debye{shieldingThe Debye{shielding is the easiest to understand e�e
t, that arises from the fa
tthat a plasma 
onsists of a lot of parti
les. Putting it into a nutshell, it preventsele
tri
al �elds from entering the plasma. Lets start with an ele
tron{plasma thathas a Maxwell{Boltzmann-distribution.f(~x;~v) = n0 exp(� mv22KT + e�KT ) (2.1)28
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where � is the ele
trostati
 potential of a parti
le in the plasma. This equation iseasy to understand. Classi
ally a parti
le 
an not be in a region without having thetotal energy of at least the potential energy at that point. That is why the se
ond,potential-dependent term appears in equation (***). Integrating over the possiblevelo
ities (and normalizing to some 
harge density) gives the following expression forthe number of ele
trons at a point with given potential �n(x) = n1 � exp( e�kT ) (2.2)This means, that at pla
es where there is a blo
king potential, the number of ele
tronsis lower than at pla
es with no potential. O� 
ourse we already see the dire
tion thisis taking: pla
es with a high ele
tron density a
t repelling to other ele
trons. So bythe density distribution the in
uen
e of the blo
king potential is 
ountera
ted.This 
an be demonstrated quite ni
ely for a one-dimensional 
ase with only ele
tronsand the assumption, that the external potential is smaller than the thermal energykT . The potential has to obey the self 
onsistent poisson-equation:�0 d2�dx2 = ene (2.3)whi
h under usage of (***) evolves to:�0 d2�dx2 = en1 exp( e�kT )� en1( e�kT ) (2.4)As boundary 
onditions I also 
hoose something very simple. I ask for a given potential�0 at x = 0 and � = 0 everywhere else. This is about equivalent to a lo
ally appliedvoltage. Of 
ourse this is the externally applied potential. The resulting potential isof the form: �(x) = �0 exp(�j x j�D ) (2.5)�D � s(�0kTn2e )2.2 The Maxwellian velo
ity distributionOne of the most important thing for the temperature measurement is knowing theenergy distribution for a given situation. This is not a simple task, mainly be
ausethe system is not at thermal equilibrium. This basi
ally means, that the rules of
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thermodynami
s 
an not be applied. Here I will show why the natural velo
ity dis-tribution is Maxwellian.Let's look at a medium, whi
h is isotrop in at least 2 Dimensions. This 
an be agas or the two dimensions of the MINERVA {plasma perpendi
ular to the magneti
�eld. For the probability, that one �nds a parti
le in the velo
ity{spa
e element[v1; v1 + dv1℄� [v2; v2 + dv2℄� � � � [vn; vn + dvn℄ one 
an surely writedP = f1(v1)f2(v2) � � � fn(vn)dv1 � � � dvn (2.6)Sin
e the situation is per de�nition isotrop, the probability 
an only depend on themodulus of the velo
ity. dP = F (v2)dv1 � � � dvn (2.7)Setting these two probabilities equal and di�erentiating *** v1 gives the followingresult: dfdv1 f2 � � � fn = dFdv2 dv2dv1 = dFdv2 2v1 (2.8)) 1f1 df1dv1 12vx = dFdv2 1F (2.9)Sin
e equation *** has to be valid for all velo
ities, we 
an equate both sides to a
onstant (� �s). Solving the resulting di�erential equation for v2 is easy.F (v2) = C1e�s�v2 (2.10)A negative value for s is ex
luded, sin
e we of 
ourse want a 
onverging probability.This derivation only requested isotropy and fa
torization into the dimensions. These
ond requirement is no problem for nonrelativisti
 parti
les, for whi
h a velo
ity inone dire
tion of 
ourse doesn't depend on the velo
ity in an other dire
tion.It is not easy to answer the question, whether the situation for a parti
le in a plasmais homogeneous. Intuitively you tend to deny this, be
ause maybe, the parti
le seesan other parti
le in one dire
tion, while there is none in an other one. The question
an however be \answered" if you look at the path of a parti
le in the plasma.The parti
le will 
y around and s
atter on other parti
les. If these s
atterings arefrequent and the parti
le is well inside the plasma, then it will en
ounter parti
lesfrom a lot of di�erent dire
tions. So essentially for the single parti
le spa
e will lookisotrop, be
ause of all \bumps" from the various sides. The only dire
tion that 
ouldfeel di�erent, is the one parallel to the magneti
 �eld. (Remember, that ele
tri
 �eldswill not intrude into the plasma)Collision parameters for an ideal gasAs a 
omparison to the MINERVA {plasma I will here just repeat some well{known(but maybe forgotten) formulas of statisti
al me
hani
s for gases. For an ideal gas
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the thermal velo
ity,mean free path and 
ollision frequen
y are given by:1v = 2�r2kTm� = 1p2�d2 kTp�
ollision = v� = 4d2pkTm (2.11)where d stands for the diameter of the gas parti
les.T=300K T=4KGas v � �
 v � �
He 708ms 60nm 12GHz 82ms 776m 0.1HzH2 1418ms 400nm 3.5 GHz 164ms 4.8km 0.03HzTable 2.1: Typi
al 
ollision parameters for the two rest gases in MINERVA . The val-ues for the normal temperature are taken for 1000mBar, the ones for LHe{temperatureat 1 � 10�9mBarThis shows 
learly, that the movement of a parti
le in a \normal" gas is totallydetermined by 
ollisions with other parti
les. A
tually the values of the mean freepath and thus 
ollision frequen
y for the 
old gas are quiet doubtful be
ause of 
oursethe main 
ontribution here would be 
ollisions with the walls of the va
uum{
hamber.2.2.1 Lo
al and global thermal equilibriumThe problem for the Maxwellian velo
ity distribution is, that you rely on a situation,that doesn't 
hange on the time{s
ale of a lot of 
ollisions. The simplest examplehereof is thermal equilibrium. But be
ause I am studying a situation, where a systemis relaxing to a temperature, I 
an of 
ourse not use this assumption. Instead I will
onsider the system to be in lo
al thermal equilibrium. This means, that thermaliza-tion has started, but is not 
ompleted over the whole plasma. So lo
ally I 
an alreadyspeak of a temperature (and thus use velo
ity distributions), while this might notmake any sense for the whole ensemble.1See [4℄ on pages 314{318
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2.3 The plasma 
uid equationsIntrodu
tionTo be able to estimate the time it takes the plasma to thermalize, that is to relax toa global temperature the ordinary thermo|dynami
s or statisti
al me
hani
s are notsuitable. The reason herefor is, that one there normally relies on a equilibrium. Herehowever, I am looking at a situation, that is per de�nition not in thermal equilibrium.So I have to look for a set of equations, that des
ribe transport pro
esses.2.3.1 Derivation of the 
uid equationsIn this 
hapter I will try to show how to dedu
e the plasma 
uid{equations. In thefollowing I always assume, that all requirements for a statisti
al treatment are ful�lled.Without 
aring to mu
h about mathemati
al details I introdu
e the spa
e{velo
itydistribution f(x;v; t) that gives the number of parti
les within [�;� +��℄

Figure 2.1: The di�eren
e in parti
le density is given by the di�eren
e in 
ow intoand out of a volume elementBe
ause the other two dire
tions are analog, I will just look at the x{dire
tion. Forthe two 
ows I 
an write: Fin = fvxdydzdt jxFout = fvxdydzdt jx+dx (2.12)
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so for the 
hange in the number of parti
les I get:Fout � Findxdydzdt = (vxf)jx+dx � (vxf)jxdx = �(vxf)�x (2.13)So for the spatial term I get:�(vxf)�x + �(vyf)�y + �(vzf)�z = ��f�t (2.14)The negative sign is there, be
ause a positive derivation indi
ates, that parti
les have
own out of the element. Until now I have only in
luded the fa
t, that parti
les 
anstream through spa
e. Of 
ourse they 
an also enter the phase{spa
e element, by
hanging their velo
ity. Considering this equation (***) expands to:�(vif)�xi + �(aif)�vi = ��f�t) �f�t + vi �(f)�xi + Fim �(f)�vi = 0 (2.15)The last equation assumes, that ai does not expli
itly depend on vi whi
h is alwaysthe 
ase for the Lorentz{for
e. It is 
alled the \
ollisionless" Boltzmann{equation.The problem is �nding the right expression for the for
e Fi. Of 
ourse it would nothelp anything if one has a statisti
al des
ription but still a for
e{�eld that dependson the single parti
les. That's why one normally writes:Fim = em [Ei + (v �B)i℄ (2.16)Here the two �elds Ei and B spe
ify average �elds. These averaged �elds just dependon the position in the plasma and due not take the exa
t lo
ations and velo
itiesof all the parti
les in a

ount. This is the reason why one speaks of a \
ollisionless"equation. A 
ollision is a event where the �eld a parti
le is seeing is mainly determinedby the position of an other one. The average �elds 
ontain external �elds (ele
trodeset
.) as well as \internal" ones stemming from the geometry of the 
harge distribution.Expli
itly inserting the Lorentz{for
e for the for
e{term gives us:�f�t + vi �f�xi + em ( ~E + ~v � ~B)i �f�vi = 0 (2.17)Whi
h is 
alled the Vlasov{equation. (Sometimes together with the Maxwell{equationsfor the 
harge distribution.The \
ollisionless" Boltzmann{equation 
an be expanded in order stay abreast of
ollisions. The normal approa
h here is to just insert a new term:�f�t + vi �f�xi + em ( ~E + ~v � ~B)i �f�vi = �f�t 
ollision (2.18)
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2.3.2 Collision { termsOf 
ourse it is not easy at all to �nd a suitable and plausible 
ollision{term. I willjust present two possible ones, the Krook{term as the \easiest" one and the Fokker-Plan
k{term as the most 
ommon one.The Krook{term �f�t 
 � f � fmax� (2.19)fmax is the value for the Maxwellian distribution and � spe
i�es the time s
aling.Krook 
hose � � ��1
ollision that is the number of 
ollisions per se
ond.The Krook{term has some easy to understand properties:� A system always tends towards a Maxwellian distribution� It is linear in the number of 
ollisions per se
onds. This means it vanishes fora non{
ollisional system and grows dominant if a system has a lot of 
ollisions(e.g. An ideal gas).Basi
ally the term is quiet intuitively right. The main disadvantage is, that it 
ontainsno real physi
s.The Fokker-Plan
k{termThe Fokker-Plan
k{term 
omes from a di�erent approa
h. If you look at what a
ollision (see ***) does to a parti
le, you are reminded of the Brownian-motion. Thuslike the people studying that motion one introdu
es:	(v;�v) = P (vinitial = v 
hanges by �v within �t) (2.20)Of 
ourse this probability always has to be understood as a statisti
al size. Using thisfun
tion the time{development 
an be written as:f(x; v; t) = Z f(x; v ��v; t)	(v ��v;�v)d3(�v) (2.21)whi
h 
an be written as:f(x; v; t) = f(x; v; t��t)� ��v (fh�vi) + 12 �2�v�v (fh�v�vi) (2.22)h�vi � Z 	�vd3�vh�v�vi � Z 	�v�vd3�v
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This approa
h brings the problem of �nding 	. This is not easy at all. Normallyone 
al
ulates it by taking an average amount of 
ollisions and using the Rutherford{
ross{se
tion for the probability of a velo
ity 
hange. I will not go further into details.2.4 Thermalization speedIn this se
tion I will ask how long it will take the plasma to a
hieve a uniform (overthe size of the plasma) temperature. I will show, that the internal thermalization isfaster than the 
ooling to the temperature of the surrounding. What this means isthat we 
an really speak of a medium with a temporarily \de�ned" temperature thatis 
ooling down.2.5 Plasma heating2.6 Ex
ited states | The di
otron os
illationUp till now the ele
tron plasma has always been treated as a "stati
\ obje
t. Twoe�e
ts 
aused movements and density di�eren
es. The �rst is a temperature gradientand the se
ond negligible mi
ro�elds whi
h are not shielded by Debye-s
reening. Thestate to whi
h the ensemble tends was always a stati
 one.This is however not ne
essary. The 
lassi
al approa
h to plasma dynami
s (see forinstan
e [2℄) is to start with the 
uid and the Maxwell equations. By introdu
ingperturbating �elds or expli
itly inserting wave-solutions, one sees that a set of wave-modes 
an propagate through a plasma. The varying quantity is the ele
tron density.The set of plasma equations gives a dispersion relation. It is only 
al
ulatable exa
tlyfor several simple 
ases. These waves are 
lassi�ed as usual by giving three wave-ve
tor 
omponents. Any \hot" plasma is bound to have some dynami
s. Sin
e itis not possible to dete
t axial waves, I will only dis
uss radial ones. Plasma wavewhi
h 
onsist only of radial 
omponents are 
alled Di
otron waves. As shown in (***)systems with Di
otron waves have lowered lifetimes. This is why one also speaks ofthe Di
otron-instability.Radial os
illations 
an be dete
ted and damped. The prin
iple of this is shown in�gure (***). A radial os
illations lets the 
enter of 
harge move. If you take anele
trode (S1&S2) then the opposite sides will be 
harged depending on the positionof the plasma 
enter of 
harge. This 
harging will happen at the frequen
y of theos
illation. Looking at the Signal on a segmented ele
trode with a spe
trum analyzershould reveal any os
illation.Damping an os
illation is easy if one understands the dete
tion prin
iple. All youhave to do is take the indu
ed signal on one segment and feed it ba
k (ampli�ed) tothe other segment.
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Figure 2.2: Both dete
tion (a) and damping (b)of radial os
illations are done by asegmented ele
trode.2.7 Cal
ulation of relaxation rateIn this se
tion I will 
al
ulate the 
ooling rate of an ele
tron plasma 
onsideringonly syn
hrotron radiation. At �rst I make the assumption, that the 
ooling rate islonger than the internal thermalization speed. This makes sense 
onsidering the times
al
ulated in (***) and (***).Assuming that the radial and the axial temperatures T? and Tk are about equal, thereis no temporal 
hange in temperature (�T�t � 0) and the total energy is preserved I
an write: dTkdt = �2�1(Tk � T?) (2.23)dT?dt = ��2(T? � Tk) (2.24)�1 = �2 (2.25)The fa
tor two in the �rst equation stems from the fa
t, that there are two perpen-di
ular degrees of freedom (whi
h 
arry twi
e as mu
h energy) trying to for
e theparallel 
omponent into thermal equilibrium. The last one is a 
onsequen
e of the
onservation of energy.If this thesis is to make some sense (
onsider the title) then there will be a timedependent 
hange in temperature. In
luding this expands the equations for the time-evolution to: dTkdt = �2�(Tk � T?) + 2�Tk�t (2.26)
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dT?dt = �(Tk � T?) + �T?�t (2.27)For the temporal 
hange of the temperature I 
an now 
hoose a term. As dis
ussedin (***) the main 
ontribution will be the syn
hrotron radiation emitted. This radi-ation loss is inserted as the 
hange of the perpendi
ular temperature. The paralleltemperature will in �rst approximation not 
hange via radiation losses. This givesme: dTkdt = �2�(Tk � T?)dT?dt = �(Tk � T?)� 43 e4B2m3
5T? (2.28)Internal thermalization times are faster than the radiation 
ooling. I 
an thus assumethat Tk = T? � 13T . dTdt = dTkdt + 2 � dT?dt = �89 e4B2m3
5T � �1� T (2.29)The time-evolution in a syn
hrotron-dominated plasma will be:T (t) = T0 � exp (� t� ) (2.30)This solution is as already stated in (***) unphysi
al sin
e the temperature wouldapproa
h 0K. It is however 
lear that the plasma 
an not 
ool down (mu
h) more thanit's environment. Therefor at low temperatures the formula for the temperature-evolution will fail. The reason is that I have not in
luded any thermal radiation
orre
tions (imagine both plasma and environment to be bla
k bodies). I will alsorenoun
e to do this be
ause these e�e
ts only get noti
eable for temperatures in themeV range. Su
h low energies 
an not be measured with my apparatus due to themeasuring method (see ***). Also the MINERVA plasma will not 
ool down thatmu
h anyway.



Chapter 3Experimental setup3.0.1 Introdu
tionIn this 
hapter I will present the setup of the MINERVA -experiment. Basi
ally allthe parts of MINERVA fall into one of the following 
ategories:Plasma environment In this 
ategory you �nd all the ma
hines et
. that areneeded to provide an environment, in whi
h a plasma 
an be produ
edPlasma 
reation and handling All the devi
es needed to produ
e, store, dump,move and measure an ele
tron plasmaControl / Read-out{system The operation of all the ma
hines as well as the data-a
quisition system3.1 Plasma environmentThere are two essential environmental demands to ful�ll. The �rst is a axial magneti
�eld for a radial 
on�nement. In my 
ase this is produ
ed with a super
ondu
ting
oil. The se
ond requirement is a low pressure. As shown in (***) neutrals 
auseradial transport whi
h is not wanted. Even more important is that I want to measurethe properties of a plasma and not those of a (ionized) gas.3.1.1 The magnetThe magnet I use for MINERVA is a 2 Tesla super-
ondu
ting magnet.38
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Figure 3.1: The super-
ondu
ting 
oil of the MINERVA systemlength 1mmaximal �eld 2Tlength of 99%-�eld � 80
moperating temperature 4KTable 3.1: Chara
teristi
 values of the MINERVA magnet.The magnet is an \ordinary" super-
ondu
ting 
oil. For further information Iwould advise to read in *******.
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3.1.2 Va
uumThere are three issues of va
uum-te
hnology involved in MINERVA . The �rst is 
re-ating a va
uum. I have pressure requirements of about 5 � 10�9mBar. The advantageof the super-
ondu
ting magnet is that I operate a big part of the system at 4K. Thismeans that the walls of the va
uum vessel will a
t as a big 
ryo-pump and freeze outanything but hydrogen and helium (and other noble gases). So I don't even have topump down to the desired pressure. In order to not have all the surfa
es 
oated withi
e and other frozen junk I pump the system to about 4 � 10�7mBar before 
oolingdown.The se
ond task is maintaining a low pressure. Just be
ause large parts of MINERVAare immersed into liquid helium does not mean the va
uum would not de
rease overtime. All the parts between the 
old part and room temperature will 
ontinue to out-gas gases stored in the material. This outgassing 
an not be taken by the 
ryo-pumpover a longer time. And of 
ourse in 
ase of a small va
uum leak (< 10�8mBarls�1)it is ni
e to be able to pump on a system to maintain some pressure.The last requirement is safety. Be
ause of the 
old it would be a disaster if the systemwould out of some reason vent to air. The instreaming air and espe
ially the watervapor would freeze out and form blo
ks of i
e in the system.

Figure 3.2: S
hemati
 overview of the va
uum system. MINERVA is a two stageva
uum setup
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The pumping is done by two pumps. First a fore-pump that a
hieves a pressureof about 10�2mBar. This is done by the me
hani
al, oil-free s
roll pump(60 ls�1)at typi
al pressures for N2. At about 10 mBar the turbo is started. The turbo isba
ked by the s
roll pump and has a �nal pressure (without gas-load and powerfulba
king-pump) of 1 � 10�10mBar. It's pumping speed is about 60ls�1 in the pressurerange 10�3{10�9 mBar for N2 and about 40% less for helium.This system has several advantages:� It's nearly oil-free. Espe
ially rotary prepumps are dangerous in 
ase of apump failure, be
ause oil is su
ked into the va
uum system and pollutes the
lean surfa
es.� It's simple. Unlike other systems no pumps have to be 
losed of during somephase of pumping. In addition no baking or other treatment is needed.but also some drawba
ks:� It's open to air. In order to prevent air streaming in, in 
ase of a pump failurean additional valve is needed.� It is probably not operational at full �eld. Turbos do not like to run in highmagneti
 �elds, be
ause they heat up due to indu
ed 
urrents. Note that theturbo is spinning at 1500Hz.The pumping speeds of the two pumps are not rea
hed in pra
ti
e, be
ause the 
owis limited by the length (and diameter) of the tube going to the 
old part. I wouldestimate the pumping speed to be in the range of a few liters per se
ond.If need be a helium leak dete
tor 
an be installed behind the turbo-pump while thesystem is running. A leak dete
tor is basi
ally a mass-spe
trometer that measures the
ow of a spe
i�
 gas. (in mBar l s�1). In 
ase of a power 
ut the automati
 valve shutsand seals of the system. This is not a 100% prote
tion sin
e it fails if the pumpingsystem stops out of some other reason (overheating of turbo et
.) but 
overs the mostimportant sour
e of problems.The pumping speed of the 
old surfa
e is not known pre
isely. It is espe
ially high inthe beginning and de
reases as the surfa
e is fully 
oated with a thin layer. Anywayit will not pump faster than the turbo-system, sin
e again 
ondu
tan
e of the tube isthe limiting fa
tor of the \
ryo-pump".3.2 Plasma handlingPlasma handling in MINERVA 
onsists of three parts. First of all I have to "produ
e\a plasma. The main goals here are to get a lot of ele
trons in a small amount of time,not get any ions into the system and not heat the system up a lot. Then I have to
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be able to store and modulate the plasma. The radial storage was already des
ribedin ***. And �nally I would like to analyze the plasma, so some kind of dete
tor isneeded.3.2.1 Produ
tionFree ele
trons are produ
ed in a simple way. All you have to do is heat a material to atemperature, at whi
h a lot of ele
trons have an energy larger than the work fun
tionof the material. This system although simple has the disadvantage that expli
itlydon't want the system to be heated up. So in order to redu
e this problem the aim isto take a material that has a low work fun
tion and a lot of ele
trons. A good 
hoi
eis Barium-oxide.

Figure 3.3: The ele
tron �lament used in Minerva. The ele
trons 
ome from the smalldis
 in the frontThe typi
al operational temperature of the Barium-oxide is 1000{1100K at whi
haround 100�A of 
urrent 
an be drawn out of the �lament and 1.5W of heat aredissipated.
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3.2.2 The plasma trap { axial 
on�nementThe trap used in MINERVA is a 
ylindri
al Penning-trap. The idea behind thePenning-trap is to 
reate a 
on�ning potential in axial dire
tion. This potentialshould be 
on�ning for all radii. This is basi
ally all I need for an ele
tron plasma.For this task 
ylinders are set to a given (negative) voltage. This potential has been
al
ulated in ***.There are �ve ele
trodes. The middle one is 
ut into two half-moon se
tors. It 
an

Figure 3.4: Te
hni
al drawing of the MINERVA trapradius of the Wall 1kmlength of outermost ele
trodes 1mlength of inner ele
trode 2Toverall length of the trap � 80
mTable 3.2: Dimensions of the MINERVA -trapthus say something about radial displa
ements or be used to 
ause su
h. On bothsides of that one there are two 
ylindri
al ele
trodes. If I set two of the ele
trodes on



44 CHAPTER 3. EXPERIMENTAL SETUP

Figure 3.5: The MINERVA -trap is made of gold-plated 
oppera potential, then ele
trons 
an be stored between them.The trap is held together by threaded rods to whi
h the trap is s
rewed. The typi
altoleran
es of the trap itself are in the region of 0.1mm and 0.5Æ. That means thatthe ele
trodes are not tilted more than 0.5Æ with respe
t to the 
entral axis. Thedimensions of the ele
trodes 
an be trusted while the distan
es between ele
trodeshave to be adjusted 
arefully.
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Figure 3.6: Produ
tion, hold, analyze and dump 
y
le on the ele
trodesFigure (***) shows how the potentials are set during a plasma study. The reasonwhy I don't use the lowest ele
trode (L1) is that the ele
tri
al pulse would be seen tomu
h on the dete
tors.(Capa
itive 
oupling)
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Figure 3.7: Lo
ation of the ele
trons during a 
y
leIn this �gure you see where the ele
trons are during the analyzing 
y
le.Produ
tion The \entran
e"-ele
trode (L4) is open, the \exit"{L1 shut. The ele
-trons �ll the trapHold Both ele
trodes are set to a negative voltage. The ele
trons are 
ontained inthe trap and do the doo woop.Analysis The \exit"-ele
trode is set to some voltage. Some ele
trons es
apeDump The \exit" is set to ground potential. The remaining ele
trons es
ape. Thetrap is ready for the next plasma
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3.2.3 Charge dete
tion | The Faraday 
upsThe last element of the plasma handling is measuring the plasma parameters. In my
ase (see ***) I want to measure numbers of ele
trons as a fun
tion of radius andenergy. It is very simple to build dete
tors for 
harge. In the 
ase of MINERVA theyare just dis
s atta
hed to wires. If 
harge is dumped it 
ows o� and is measured. Inorder to get a radial resolution there are seven dis
s. They have in
reasingly big holesin the middle. So they �rst ele
trode (P7) only 
olle
ts the 
harge between R7 andRwall. The next plate sees the ele
trons between R6 and R7 (o� 
ourse it is blind to[R7; Rwall℄ be
ause it is behind P7). This 
ontinues until the �nal plate P1 has nohole in it, that means it 
olle
ts the 
entral parti
les.

Figure 3.8: The MINERVA 
harge dete
tors are rather simple { They are just a seriesof plates R1 0.5mm R2 1mmR3 1.5mm R4 2mmR5 2.5mm R6 3mmR7 3.5mm Rwall 0.5mmTable 3.3: Radii of the "Faraday 
ups\
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3.3 Control / Read-out systemThe whole MINERVA {experiment has to be 
ontrolled and data needs to be takenand stored somewhere. In this se
tion I will present how this is done. I will notemphasize the 
ontrol of the magnet sin
e it is like the rest of the magnet just a"o�-the-shelf\ box.3.3.1 Requirements� Set all ele
trodes to potentials. For storage the voltages will be in the range ofabout -100V|0V. Maybe during the dumping pro
ess one would like a slightlypositive voltage.� For at least one (better two) ele
trodes (namely the exit ele
trode and preferablyalso the entran
e ele
trode) I need to apply pulses. These pulses are typi
ally inthe time s
ale of millise
onds. The pulses are made out of ramps and 
onstantplains and do not have to be free waveforms.� The pulses have to be applied in a given temporal sequen
e. Espe
ially thetime between the inje
t and dump pulse must be adjustable. *** suggests ana

ura
y of around 1ms.� One must be able to 
ontrol the heating 
urrent and a

eleration voltage forthe ele
tron �lament in order to get the appropriate amount of ele
trons intothe trap� The Faraday 
ups should be set to a known (positive) potential.� The magneti
 �eld has to be set to a given value� The 
harges dumped on the Faraday 
ups must be measured. This requirement
an be 
hanged if you assume a 
onstant temperature. Then all you need issome information on the size of the plasma and the total 
harge. This shouldmake life simpler.� I need to know the pressure. This knowledge doesn't go dire
tly into any equa-tion but if the pressure is to high *** the plasma will expand to fast. Expansionof a pure ele
tron plasma heats the plasma be
ause the ele
trostati
 energy goesinto kineti
 energy of the parti
les. Extra heating would of 
ourse falsify theresults.� It is important to dete
t and damp any plasma instabilities.� The system should be 
omputer 
ontrollable, making it possible to take a lot ofdata.
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3.3.2 The MINERVA { solution

Figure 3.9: S
hemati
 overview of the MINERVA 
ontrol system.Figure *** shows the 
ontrol system of MINERVA . It is organized from the point ofview of the di�erent buses involved in the ele
troni
 system.
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Nr. Name Des
ription1 PCAthena01 Windows NT 
omputer running Labview2 VXI-MXI-2 Controller that 
onverts the two buses VXIand MXI3 Ra
al1 Programmable waveform generator4 Ra
al2 see Ra
al 15 Pulser 1 Basi
ally just an ampli�er that boosts the lowoutput voltage of the Ra
al to the designatedlevel. In addition it allows you to set a 
on-stant o�set.6 Pulser 2 see Pulser 17 VME-MXI-2 Another inter-bus 
ontroller, this time to theVME-bus8 In
aa 1a Analog-Digital-
onverter. The In
aa ADCreads 4 signals 
oming from the dete
tor.9 In
aa 1b In front of the ADC is an ampli�er, that 
on-verts the in
oming signals to a suitable size.10 In
aa 2a As the In
aa 1a. For the rest of the dete
tors.11 In
aa 2b see In
aa 1b12 PA1{PA7 Charge sensitve preamps sitting dire
tly out-side the system13 Caen SPA The "start-button\. All this devi
e does is setthe ADC's and the sequen
er into a
tion.13 HP 6625a This powersupply 
ontrols the heating 
urrentand a

eleration energy of the �lament.14 Keithly A multimeter. Has several usages, mostlyneeded, to measure the ele
tron 
urrent.15 Sequen
er The guy with the stopwat
h. The sequen
er
ontrols the time between the inje
t and thedump pulse. It has an a

ura
y in the �s re-gion and a time range of se
onds.Table 3.4: The 
omponents of the MINERVA 
ontrol system
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Figure 3.10: The whole MINERVA experiment (with ex
eption of the magnet) is
ontrolled by one Labview program.



Chapter 4The temperaturemeasurement4.0.3 Introdu
tionIn the last 3 
hapters I have introdu
ed everything required to understand the MIN-ERVA -plasma. I have 
al
ulated the time-evolution predi
ted by a syn
hrotronradiating plasma, presented the tools used in MINERVA and showed the te
hniquesthat allow me to handle a plasma.This 
hapter will illustrate how I a
tually got my temperature evolution, startingfrom the raw data.4.1 Measuring the temperatureWhat is a temperature? Before measuring it, it is worthwhile thinking about this fora moment. I have shown that for the situation of MINERVA the velo
ity distribu-tion is Maxwellian (That is equivalent to a Boltzmann-distribution of energy). TheBoltzmann-distribution has the form:P (E) = A � exp (� EkT ) (4.1)A�1 = Z 10 P (E)dE = kThEi = A Z 10 EP (E)dE = 32kTThe expression kT has two meanings: 52
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� It is proportional to the energy expe
tation value. This is what we generally
onne
t with the word temperature.� It a
ts as a s
aling fa
tor for the width (e-folding{width) of the energy distri-butions. Hot media have a broader energy distribution than 
old ones.In MINERVA I will use exa
tly the se
ond 
hara
teristi
 to measure the temperature.I will measure a part of the Boltzmann-distribution and extra
t the e-folding 
onstant.4.1.1 Cal
ulation of the expe
ted signalsPotentials along the axes

Figure 4.1: The potential along the 
entral axis with (situation a) and without (sit-uation b) a 
aptured plasmaA|The Faraday 
ups The Faraday 
ups are set to the lowest potential. If theyare allowed to go there, the ele
trons will preferably go to these 
olle
torsB|The ele
trodes Sin
e I want to 
apture ele
trons between the two ele
trodes,I will apply a high 
on�ning potential to the ele
trodes. This barrier preventsele
trons from es
aping or entering into the trap regionC|The trap region. Due to Debye-s
reening, there are no internal potentials.This is a region of a 
onstant potential. O� 
ourse this potential is positive
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ompared to the "outside{world\, sin
e it would take work to move an addi-tional ele
tron into the plasma (forgetting about the ele
trodes for a se
ond).This potential energy is determined by the Poisson-equation whi
h 
onne
ts
harge densities and potential. In a stati
 
ase it will be 
onstant on the "sur-fa
e\ of the plasma.D|The world Produ
tion pla
e of the ele
trons, here the ele
trons 
an move quiteunopposed and espe
ially 
ow of to ground. I 
onsequentially 
all this potentialGROUNDLet's start with the assumption that the 
on�ning potentials (V �) are in�nite. Thenthe energy distribution within the plasma will have the form:~P (E) = A � exp (� EkT ) (4.2)This is however the distribution seen by the ele
trons within the plasma. Outsiderssee this distribution boosted by the Energy X, the 
onstant potential on whi
h theplasma is sitting. (Remember that ele
trons within a plasmas don't see any potential.)P (E) = � 0 E < XA � exp (�E�XkT ) E > X (4.3)If the dump ele
trode is now lowered to V some ele
trons will es
ape over the 
on�ningbarrier. In order to simplify my life I will only lower the barrier so far, that mostele
trons remain 
on�ned. This way the "self-potential\ remains the same. Thenumber of ele
trons es
aping is the fra
tion with kineti
 energy T > (V �X). Witha Boltzmann distribution this equals to:N(V ) = B � Z 1V�X P (E)dE= B � exp ( XkT ) � (�kT ) exp ( EkT ) j1E=V�X= B � kT exp (2XkT ) exp (� VkT ) (4.4)All these ele
trons will 
y to the Faraday-
ups. On this path they will gain the ki-neti
 energy X +D. The energy distribution on the Faraday 
ups will thus look thefollowing:
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Figure 4.2: This distribution is stri
tly not true as the potential is lowered to mu
h.It however des
ribes the situation well for higher energies.4.2 Measuring the temperatureThe determination of the temperature is now quite 
lear. All you have to do is measurethe number of ele
trons es
aping over a lowered potential for di�erent potentials and�t a Boltzmann-distribution to these data.The tri
ky thing is only how to dedu
e the number of ele
trons out of the raw data.A great deal of signal is 
onstant noise whi
h 
an be subtra
ted from the signals asshown later.4.2.1 Noise measurementsThere are three sour
es of noise in MINERVA .1. ADC-noise. The In
aas have some "intrinsi
\ noise. If the ADC's are suitedwell for their purpose, this noise will prove to be negligible.2. Preampli�er-noise. The preampli�ers also have some noise on them3. Pi
kup. The Faraday 
ups are sitting right next to ele
trodes, whi
h havevoltage 
hanges of � 50V in the short time of 10�s. These signals are seen onthe Faraday 
ups as a 
omplex "os
illation\-pattern.
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4.2.2 Noise measurementsADC noiseThe noise of the ADC's is easy to measure. All there is to do is measure nothing(, 0V ). All variations in 
hannels is due to internal noise.This measurement not only shows the noise of the ADC's but also indi
ates, that
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Figure 4.3: Noise measurement on the INCAA-ADC's. Remember that the range ofthe In
aas is -2047{2048.the baselines of the di�erent 
hannels must be taken in a

ount. The height of thebaseline is determined by simply 
al
ulating the average. The noise is equivalent tothe average deviation of the data. This is the normal de�nition for noise.
hannel 1 2 3 4 5 6noise[#℄ 3 3 3 2 2 2baseline -15 -6 24 29 16 5System noiseThe noise of the system is tri
kier to determine. Of 
ourse the main goal is tomeasure the noise in a situation, whi
h is as "life-like\ as possible. In order to do
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this I measured the noise for a puls from -100V to -50V several times. In the forme interesting range of about 50V the noise did not appear to depend on the exa
tvoltage. It however varied for mu
h larger or smaller pulses. In addition a reassuredmyself, that the pi
kup did not 
hange for measurements with di�erent hold times.Then I took the average of various pulses going from -100V to -50V 
on�ning voltage.This signal was then 
onsidered to be the "referen
e-signal\. Now I 
ompared a singlemeasurement with this average. The di�eren
e is (if I measured the same event everytime) the noise of the system.The results of this measurement is shown in ***. This is the interesting noise, sin
e
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Figure 4.4: Noise measurement on the whole system. This time only the "noisiest\
hannel is shown. This is be
ause all the signals lie mu
h to 
lose together.The �rst20 bins were thrown away, sin
e the Pi
kup is to strong in that regionit makes a statement for the whole system, with all devi
es atta
hed.
hannel 1 2 3 4 5 6noise[#℄ 3 3 4 2 2 4
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Pi
kupAs I have already mentioned the Faraday 
ups not only see ele
trons but also someele
tri
al os
illations. These os
illations are supposingely from the puls that is appliedto the dump ele
trode. A good argument herefor is that the pi
kup is mainly seen onthe front ele
trode [L7℄.In prin
iple this phenomenon should be understandable. This is however not the
ase in reality. But as shown in the se
tion on total system noise (***) the pi
kup isvery repeatable. In addition to this, the pi
kup is nearly independent of the voltagein the typi
al measuring ranges [Vtop = �50V {�60V ℄. This is why I feel safe tosimply subtra
t a 
onstant pi
kup signal, whi
h I 
hoose to be the average signal ofthe pi
kup-measurements I made.
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Figure 4.5: A typi
al "Pi
kup\-event. The pro
esses that are involved are not un-derstood well enough. However due to shot-to-shot reprodu
ibility the pi
kup 
an bemeasured and subtra
ted.4.2.3 Calibration of the systemAlthough I in theory don't have to measure the number of ele
trons on a Faraday
up be
ause the interesting part of the Boltzmann-distribution doesn't depend on theexa
t number (It only appears in the 
onstant) I am still interested in this. Calibratingthe system gives a good 
ross-
he
k for my measured data. In order to 
alibrate thesystem I inserted a 
apa
itor in front of the preampli�er. If I then apply a voltage
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puls of given height, then the preampli�er will see exa
tly the same thing as a dumppuls. The voltage puls 
an be transformed into a 
harge puls via Q = V � C.

Figure 4.6: The dete
tion system 
an be 
onsidered as a RC-Glied. When the ele
-trons are dumped the 
harge is deposed on the 
apa
itor and then 
ows of over theresistan
e.



60 CHAPTER 4. THE TEMPERATURE MEASUREMENT

2·10
6

4·10
6

6·10
6

8·10
6

1·10
7
1.2·10

7

200

400

600

800

Figure 4.7: Calibration of the readout system.Due to di�erent 
apa
ities of the signal
ables the pit
hes of the preampli�ers are not equal.



4.2. MEASURING THE TEMPERATURE 61
The 
oeÆ
ients for this 
alibration are shown in ***:dete
tor �t ADC!e� noise equivalent in e�'s1 661500+ 16800 � x 504002 672300+ 17900 � x 537003 396700+ 13100 � x 524004 299200+ 29200 � x 584005 415200+ 35200 � x 700006 �1139600+ 34400 � x 1200004.2.4 Ele
tron dataIn this se
tion I will present the a
tual data I took. Figure *** shows a raw signalstemming from the Farady 
up P7.
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Figure 4.8: A raw event as seen on MINERVA . This is a signal on P7 when all theele
trons were dumpedThis data was �rst 
orre
ted by subtra
ting the pi
kup. The solid line denotesthe exponential �t to the data.
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Figure 4.9: A 
orre
ted signal. P7 sees *** ele
trons.To the data I �tted a fun
tion V (t) = V0 � exp ( t� ) with the two �t parameters V0and � . The question may arise whether a third �t parameter whi
h states a 
onstanto�set has to be 
onsidered. The answer is no. Consider the pi
kup-signal. It 
anbe written as V0(t) = O + Vpi
kup(T ). The signal one sees with ele
trons is givenby Ve(t) = V0(t) + a � exp(� tRC ). So by subtra
ting a pi
kup signal from the a
tualele
tron signal you automati
ally get rid of any 
onstant o�set. The �t was done bya MATHEMATICA-program using the �2-method.
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4.3 Results
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Figure 4.10: The measured energy distribution looks very mu
h like a Boltzmann-distribution.Fig. *** shows a typi
al temperature �t for one of the dete
tors. Clearly the en-ergy distribution shows the Boltzmann-behaviour we would expe
t. This allows twostatements:� The plasma lo
ally settles at a temperature. In addition the temperature mea-sured by the di�erent ele
trodes do not di�er to mu
h.� The shot-to-shot reprodu
ibility is fairly good. Sin
e di�erent points on theenergy distribution are taken in separate shots this is not self-evident.The typi
al error for a temperature is in the 5{10% region. It is 
lear that due tothe noise, 
olle
tors with large signals give a more a

urate temperature than theones with small signals. I therefor 
al
ulate a weighted mean value for the overalltemperature using: wi = 1�2iT = P6i=1 wiTiP6i=1 wi
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Using this I 
al
ulate the following temperature-evolution:
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Figure 4.11: Unfortunately the MINERVA plasma does not show the syn
hrotronradiation 
ooling 
hara
teristi
.
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