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Polozime-li £ * do sm&ru B (B = Bz), dostavame

mu, = qBvl‘. . mﬁr = —qBuv,_, mo, = 0,

MNabita tastice bude v magnetickém poli rotovat okolo jedné
silotary, dokud se nesrazi.

_ ELEKTRON
Larmorovy orbity v magnetickém poli.

Zadny ztraty 2221111

Drifty &astic v cylindricky symetrickém sloup-
ci plazmatu nevedou ke ztrdtim.




Transportni rovnice pro plazma — vodivost a magnetické pole
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Cle(E+v,xB)+ = jxB—2V,p, -
ot m, m, m,
Zietne p

Xy my

Zde je oviem nutno poznamenat, Ze zobecnény Ohmiiv zakon (3.216) je
pouZitelny pro pln& ionizované plazma opét pouze v prvnim pfibliZeni. Obecn? totiZ
muZe prava strana této rovnice zdviset na magnetickém poli uvnit¥ plazmatu a gra-
dientu teploty elektronil. Jestlize zanedbame V,T,, pak je prava strana (3.216) stéle
jeste sloZena, ze dvou Clenl; jestliZe systém neni daleko rovnovahy, pak presné]§1
tvar pravé strany rovnice (3.216) je

(3217) | -1 (AL n ,)
TB

1,96

kde j, je slozka proudové hustoty ve sm&ru magnetického pole a j; je slozka proudové
hustoty ve sméru kolmém na magnetické pole.

Rozdil mezi (3.217) a (3.215) resp. pravou stranou (3.216), si ukdZeme ni-
zorn€ na piikladu. Pfedpoklddejme staciondrni stav, tj. a;zat = 0 a nechf Fi = 0.
Z rovnice (3.216) pak dostaneme

(3.218) E=1+Lljxs,
o ne
kde
(3.219) E'=E+ (v x B) + 2 V,p,
n.e
a

(3.220)

(3.221)

kde
Odtud jiz vidime, Ze i v tak jednoduchém pfipadé, kdy V,T, = 0 a systém je bhzko
rovnovahy, je vodivost plazmatu z4visld na sméru magnetického pole.

V obecném piipad€ ma vodivost plazmatu tenzorovy charakter.*

(3222)

je elektronova cyklotronova frekvence.




Srazky a magnetické pole Vzpominka na minulost

JestliZe nyni pouZijeme na pravé strang (3.216) vyrazu (3.217), dostaneme, Ze
(3.223)

kde
(3.224) : oy =19%0c a g, =o0;
vyloucenim j pak dostaneme

(3.225) j=oEj + {EL + o1k x E)}.

1+ cee

Odtud jiZ vidime, Ze i v tak jednoduchém pfipadg, kdy V,T, = 0 a systém je blleO
rovnovahy, je vodivost plazmatu z4visla na sméru magnetického pole.

V obecném p¥ipadé ma vodivost plazmatu tenzorovy charakter.*)

Diflize rotujicich &dstic pFi sraz-
kich s neutrilnimi atomy,




Pridame magnetické pole Nenulové magnetické pole
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Odvozeni rovnice pro drift a difuzi z B. rovnice Rovnice B
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Diftize a Drift v magnetickém poli B
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Difuze napri¢ magnetickym polem Chen
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bouZijeme na pravé strané (3..2'16) vyrazu (3.217), dostaneme, Ze

E’=-_’Jl+:’_l+.L.:(ij),
o oL nge

oy = 1,960 ,a. g, =0;

vyloucenim j pak dostaneme '.'
g
3.225 j=0E) + ——{E| + o.1(h x E)}.
(3:225) j=o0E 1+w§,rf{* (: )i
Odtud jiZ vidime, Ze i v tak jednoduchém pfipadg, kdy V,T, = 0 a systém je blleO
rovnovahy, je vodivost plazmatu z4visla na sméru magnetického pole.
V obecném p¥ipadé ma vodivost plazmatu tenzorovy charakter.*)




Difize napri¢ magnetickym polem Interpretace
H
Sl IO &
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ey = 5 B

KT 1 én

Up. = +
Dy eB n dx

Z tziloto vyrazu je zieymé, Ze ko hlost toho &i oroho druhu
Eastise skiada ze dvou &asti. Za prvé jsou to oby&einé driftové rychlosti
vy a v, kolmé na gradienty potenejald a hustoty. Tyto drifty jsou zpomaleny
sraZkami s neutralnimi &sticemi; brzdici faktor 1 + (v*/w?) se v limité
y—0 rovna jednilce. Za druhé jsou to drifty zpusobené pohyblivosti a di-
fazi, rovnobéZné s radient' poténcidlu a hustoty. Tyto drifty jsou vyjadfeny
stejnym zplisobem jako v ptipadé B = 0, ale koeficienty p a D jsou zmen-
Seny faktorem 1 + w272

Rovnobé&zné s gradienty [

Kolmeé na gradienty







Difize napri¢ magnetickym polem Interpretace
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Difuze napri¢ magnetickym polem
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Interpretace
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Kolmeé na gradienty
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EAAES  Snizuje difuzi napii¢ B
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Ambipolarni difize napri¢ B Uvod

OBR. 5-13  Toky &astic rovnob&né s magnetickym polem a kolmé na néj.

Srovnavaji se divergence...

V.I,=V.TI,

Je to slozité




Ambipolarni difuze napri¢ B, experiment Experiment

SONDY

Ty r., KATODA |
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OBR.5-14 Lehnertiv—Hohiv experiment ov&fujici vliv magnetického pole na difiizi v slabé ioni-

OBR. 513 Toky &astic rovnob&Zné s magnetickym polem a kolmé na né&j. zovaném plynu

Otazka, zda magnetické pole zmen3uje pfi¢nou diftzi v souhlase s rov.
[5-51], se stala predmétem Eetnych zkoumani. Prvy experiment uskuteinény
v dostatetné dlouhé trubici, takZe difazi ke koncim bylo moZno zanedbat,
provedli Lehnert a Hoh ve Svédsku. Kladny sloupec héliového vyboje mél
priimér 1 cm a byl dlouhy 3,5 m (obr. 5-14). V takovém plazmatu elektrony
plynule unikaji radialni difizi ke sténam a jsou nahrazovany ionizaci
neutrilniho plynu elektrony z konce rychlostniho rozdéleni. Tyto rychlé
elektrony jsou zase nahrazoviny urychlenim v podélném elektrickém poli.

lonty unikajici diflzi jsou nahrazovany ionizaci
=>»E, bude umérné difuzi.

E(B)/E(O)

Miizeme proto o&ekavat, Ze E, bude zhruba imé&rné velikosti pfi¢né diftze.
Dvéma sondami u st€n vybojové trubice métili E, pfi rizném B. Na obr. 5-15
je vynesen pomér E,(B) ku E_(0) jako funkce B. Pro malé B experimentélni
body velmi dobfe sleduji pfedpovézenou kfivku vypoétenou na zakladé
rovnice [5-52]. Pfi urgitém kritickém poli B, okolo 0,1 T se viak experi-
mentéalni body vzdaluji od teorie a vykazuji ve skutetnosti vzrist difuze

€= Nestability v plazmatu




Zakony zachovani — reSeni B.



In magnetic and electric field
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Zakony zachovani — reSeni B.



Ternary electron assisted recombination




= = KA = [T
Collisional Radiative Recombination
6 =K.n
CRR Kcrpr [CMOST -

Ternary neutral assisted recombination

dn, d[Ar]

e

N = =—-K,[ArT]n,[He] = - [ArT]n,
Ar' +e+He — Ar+He dt dt
-1 _




Stevefelt [Srm‘eﬁaf ter al.. 1975] derived analytical formula for apparent binary rate coefficient of
CRR:

Oegr =3.8x107° T4 n, +1.55x107° T "% +6x 107 T, *n.*" [em’s™']. (4)

e

where T, is electron temperature given in K and 7, is electron number density in cm™. The first term in
Ucrr = Keprle
’

For quasineutral plasma the differential equation describing the overall losses of charged particles
in plasma due to above mentioned processes described by equations (1). (2) and (3) 1s:
dn, d[A7]

—= = _HBM[AJr In. - Ky I:N[][AJr]”e — K pr [AT ]”3 L = _geff”S L (6)
dr dr Tp Tp

where [A™] = n. is the number density of ions. [M] is the number density of particles of buffer gas and
o describes the diffusion losses. We introduced the effective recombination rate coefficient 0.

O = Ugp + Keggnt, + Ky [He] (7)

Theoretical calculations of rate coefficient of electron — ion ternary recombination (assisted by the
particle of buffer gas) [Thomson. 1924: Pitaevskii. 1962: Bates ef al.. 1965 Bates. 1980:. Flannery.
1991] propose less pronounced temperature dependence of this process (¢ = 7' ") than in case of CRR
and also that the recombination coefficient should be lower for heavy ions than for light 1ons. Flannery
[Flannery, 1991] derived following formula for helium assisted ternary recombination:

K, =23x107(300/T,)* cm®s™. (8)



Art-+e +e

Colisional Radiative Recombination -CRR

H*+e + e

Anti hydrogen formation




PHYSICAL REVIEW LETTERS

PRL 98, 133201 (2007)

Three-Body Recombination of Atomic Ions with Slow Electrons 2 OO 7

H+ I e_ I e_ 9 H I e- S.X. Hu
Laboratory for Laser Energetics, University of Rochester, 250 East River Road, Rochester, New York 14623, USA

with respect to the proton. We obtain a more tractable
solution by using the close-coupling recipe [12
panding the 6D wave function ®(r, r,|f) in terms ¢
bipolar spherical harmonics }""'LS (Q, Q,). P(r,ry]2) =
Sis Sl 1»;, 5 (ry a0/ 11 ]YE (Q4, Q). for a specific
‘ mmetry (LS). We can also ex )'-'md the Coulomb repul-
proton. To inve e the three-body interaction dynamics, sion term 1/|r; —r,| in terms of spherical harmonics.
we ['“-‘I'“e“_call}" solve the yx—dimen& na [-GP} ti“_']e_ Substituting these exp: insions into the above Schrodinger
dependent &%cl'll'f:{(]i]'lgel‘ equation, which has the following Eq. (1) and inteeratine O, and Q, yi ields a
form (atomic units are used throughout): set of coupled partial clittelentm] equat 1s with only two
) [ | | radial variables r; and r, left:

We consider the simplest TBR in the case of hydrogen
formation, in which two free electrons interact with a

i—D(ry, ey 1) =| —=(Ay, +A,) ——
dJr 2 - 1

1(_”‘1"}(}‘], rlt) =[T, + T, + V. I¥(r, rlt)

I _
+ —j| ()] ( Iry, I, 1), ( l )
Ir; — 1y

+ Vi, )Wy, mln, - (2)

where r; and r; are the position vectors of each electron,
with respect to the proton. We obtain a more tractable where the partial-wave index j runs from 1 to the total
number N of partial waves used for expansion. In Eq. (2).




H*+e+e=D2H+e
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H*+e+e =22H + e
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Anti hydrogen formation

3.8x107°T.*°n_|+1.55x107°T % +6x10°T***n>*'cm’s™
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—— Fit of data
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REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 74, NUMBER 9 SEPTEMBER 2003

. . . Turho pump.
Cylindrical Penning trap for the study of electron plasmas i Iron yoke
CCD-camera FIG. 1. Schematic of the ELTRAP

M. Amoretti.a’ G. Bettega, and F. Cavaliere s machine, showing the solenoid with
INFM U.d.R. Milano Universita, INFN Sezione di Milano, and Dipartimento di Fisica, the iron yoke and the shims, the

Universita degli Studi di Milano, Via Celoria 16, 1-20133 Milano, Italy Cylindrical electrodes e camber Wil e seeinl
£ J flange, the pumping system and the

main internal structures (not to scale).
The cylindrical electrodes are shown
in detail in Fig. 2

M. Cavenago
INFN Laboratori Nazionali di Legnaro, Via Romea 4, I-35020 Legnaro, Italy

F. De Luca, R. Pozzoli, and M. Roméb) Phosphor screen
INFM U.d.R. Milano Universita, INFN Sezione di Milano, and Dipartimento di Fisica, I -
Universita degli Studi di Milano, Via Celoria 16, 1-20133 Milano, Italy

(Received 5 March 2003; accepted 16 June 2003)

The ELTRAP device installed at the Department of Physics of the University of Milan is a
Malmberg—-Penning trap, with a magnetic field up to 0.2 T, equipped with charge coupled device
optical diagnostics. It is intended to be a small scale facility for electron plasma and beam dynamics
experiments, and in particular for the study of collective effects, equilibrium states, and the
formation of coherent structures in these systems. The device features a relatively long solenoid,
corrected by 4 shims and 16 dipole coils, in order to obtain a large uniform magnetic field region.
The modular electrode design allows several variations of the experimental configuration. The first
experiments which assess the operation of the facility are described. Plasma confinement times up
to several minutes have been obtained and an electron temperature of 48 eV has been measured.
© 2003 American Institute of Physics. [DOI: 10.1063/1.1602931]

FIG. 3. Picture of the internal OFHC electrodes aligned and mounted on an
aluminum bar. In the front, one can recognize the source OFHC cup con-
taining the spiral filament and the grids.

1M ”T_, C=350pF

FIG. 2. Schematic of the internal cylindrical conductors, with the cirenits used to measure the induced charge signals induced (e.g., on rings S2 and C4). Also
shown are the supply circuit of the source (on the right) and the charge collector (on the left).
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The ELTEST Experiment

R. Pozzoli, M. Cavenago, F. De Luca, M. De Poali,
V. Petrillo, M. Rome, L. Serafini, G. Bettega, and A. llliberi
INFN Sezione di Milano and Dipartimento di Fisica Universita di Milano
INFN Laboratori Nazionali di Legnaro

19 September 2005



Diflze A

Vyvoj plazmatu rizeny difuzi



Difuze — Od Kracika k Chenovi Diflize
Elektricky proud

vy Pz = i’(pxx + Pyy + Pzz) =p= nkT

p = nkTI,

Predpokladejme stacionarni stav [,
— = O = =
B O, Z 1
20>

O0+V (=n—kT)xneE +0=nmvyv,
pozor na zavislost na v

3 2
kTvrn i neE — nm\? Vl v, = 2anJj(1 — cos x) o(x, v)sinxdx.

- KT V.n

1 -
= (xnekE —kTV,n) -+~ E-
nmv, mv, mv, n




AISA vypoctené difuzni ztraty Diftize a rekombinace

Experimentalni data
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Dékuji Vam za pozornost



Monte-Carlo calculation
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Monte-Carlo calculation arrival time
B=0.1T r=6mm  p=10° Torr
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Monte-Carlo calculation energy distribution at impact
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Energy distribution at impact

—m— number vr. diffusion time

80
70 4 ./ 500 particles at 0,1T and 10° Torr diffusing to r=6mm wall
/ tube with axial symmetry
60
0
c
S
= 50
5]
2
2 a0 [ 4
5]
g 30
£ .\
g L]
20 “m
L)
104

T T T T T T T 1
0 20000 40000 60000 80000 100000 120000 140000

. electron energy distribution function
at collison with wall)

time of interaction with wall

100 A . _ : .

1 . - "-;. 500 particles starting with leV

en

.= .,
ol "
i i"'. B eedf
e .o o.l
g 10_: .’. .o.l
5
E .o o..
g . "
S : .
o "

.. 3KT
Vo]_oo_oo0oooaoooacrooooooooooo.ozo. .“
T T T T T T T T T T T T T T |

0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030 0.0035 0.0040
electron energy [eV]



Arrival time
B=0.1T r=6mm  p=10° Torr
t~2x10%s

Magnetic “radial trap”
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Conclusions B.R.Beck, J. Fajans, J.H.Malmberg, Phys. Plasmas 3(1996) 1250

Electron cooling by cyclotron radiation

A. Cyclotron radiation cooling theory

A single classical electron, orbiting in a magnetic field,
loses energy via cyclotron radiation at a rate given by the
Larmor formula:

dE, 2¢* , 4e*()?

dt BGEGJ‘: Ime? E., (1)

105 'E_‘T";'lll l|l|'|l|||

where a, =(lv, is the perpendicular acceleration, {} is the
cyclotron frequency, and E, is the perpendicular energy

muifz_ Averaging Eq. (1) over a Maxwellian distribution (

yields —
dT, 3T, : e
dt 27’ 2)

T

where the radiation time 7, is defined to be

Ome®  4x 108
'TI.! sznl = Bz 5. (3}

When v=71, " as is the case for our plasmas, and the plasma
is quiescent, then T, (r)=T(r)=T(r) 10 a good approxima-
tion, and one obtains
dT -T
dt T,

time (sec)

FIG, 3. Measured plasma temperature vs. time for a magnetic field of
61.3 kG. The dashed curve is a plot of Eg. (5}.

(4)



Recombination of ultracold plasma

H*+e+M=>H+M

ATRAP ATHENA
Three-body  recombination radiative{stimu\ated}recombi- TBR |S Eff|C|ent at |0W T and hlgher pOS|tron denS|t|es

nation
hv + hyy 9
1

? e
T9/2

E+p+hy — _1 .
i) R[s™ | =nearpr=C

F[ls)

Gabrielse et al. Phys. Lett. A Neumann et al. Z Phys. A 9 0/9 10 0.63
2 Q —d—d/a — — U0
(188) (1983) a = 38x107°T " “ne+ 155 x10 T—°

+6.0 x 1070 7218 037

a—=argr T—=0 (Note: we replace€ — ¢, 7 = p)
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Figure 3. (a) Fractional population of antihydrogen in state with principal quantum numbers
ranging form n = 100 — 1 as a function of time. The line labelled BKMcW is the time dependence
of the ground state population predicted by the quasi-steady-state theory. (b) Same data as shown
in (a) but at plasma temperature T = 4 K.
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Figure 5. Response of the n = 2 and n = 50 populations in a resonant laser field corresponding
to different laser intensities.




El. in magnetic field

Go to antiproton lecture
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Zakony zachovani — reSeni B.



Ome?  4x10°

"= g0l g

B given in Gaus

for B given in Tesla
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T, =—s =>1,=4s at lTesla
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At realistic 0.5 T t~16s to cool down we need 5= 80s



Magnetic field - terminology Diffusion

Polozime-li £ * do sm&ru B (B = Bz), dostavame

mu, = qBvl‘. . mﬁr = —qBuv,_, mo, = 0,

MNabita tastice bude v magnetickém poli rotovat okolo jedné
silotary, dokud se nesrazi.

_ ELEKTRON
Larmorovy orbity v magnetickém poli.

No losses

Drifty &astic v cylindricky symetrickém sloup-
ci plazmatu nevedou ke ztrdtim.




Calculations of parameters of movement

dv
— = B.
de q‘l"}(

PoloZime-li £ * do sméru B (B = Bz), dostaivime

mo, = qBv,, mv, = —qBv_,

| ELEKTRON
Larmorovy orbity v magnetickém poli.

eB 1.6x107%°
O, =—=_""—"""731
m 9.1x107*

B =1.8x10"'B

at B=1T @, =1.8x10"" ~ 180 GHz

at B=01T @, =18x10" ~18GHz

T=300K & B=1T I =1um
T =3K & B=1T I =0.1um

T=300K & B=0.1T r =10um




Diffusion in magnetic field

Chen

__KT 1 dn

-— —

eB n dy




Just introduction

_ KT 1 0dn KT 1 an

—_— e ——

oy = + —
eB n oy’ ¥ eB n ox

Parallel with gradients Diffusion wﬂho% B
m »ﬂ

Decreasing diffusion in B

(@, Iv,) >>1

,,Diffusion step “

(@, /v, ) <<1 Small influence on diffusion




Analytical calculation ot airfusion losses In magnetic tield

perfect agreement with Monte-Carlo

Chyba

v=134x10"m/s = 1.34km/ s

vV, = 1.95x10° s '@ D, =2.65x10° 1 m’s” =327x10" m’s”

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII>




Ambipolar diffusion Experiment at high gas pressure

SONDY

Ty r., KATODA |
ANODA fﬁ
_ )

B —=

OBR.5-14 Lehnertiv—Hohiv experiment ov&fujici vliv magnetického pole na difiizi v slabé ioni-

OBR. 513 Toky &astic rovnob&Zné s magnetickym polem a kolmé na né&j. zovaném plynu

Otazka, zda magnetické pole zmen3uje pfi¢nou diftzi v souhlase s rov.
[5-51], se stala predmétem Eetnych zkoumani. Prvy experiment uskuteinény
v dostatetné dlouhé trubici, takZe difazi ke koncim bylo moZno zanedbat,
provedli Lehnert a Hoh ve Svédsku. Kladny sloupec héliového vyboje mél
priimér 1 cm a byl dlouhy 3,5 m (obr. 5-14). V takovém plazmatu elektrony
plynule unikaji radialni difizi ke sténam a jsou nahrazovany ionizaci
neutrilniho plynu elektrony z konce rychlostniho rozdéleni. Tyto rychlé
elektrony jsou zase nahrazoviny urychlenim v podélném elektrickém poli.

E(B)/E(O)

lonty unikajici diflzi jsou nahrazovany ionizaci
=>E, bude umérné difuzi.
Miizeme proto o&ekavat, Ze E, bude zhruba imé&rné velikosti pfi¢né diftze.
Dvéma sondami u st€n vybojové trubice métili E, pfi rizném B. Na obr. 5-15
je vynesen pomér E,(B) ku E_(0) jako funkce B. Pro malé B experimentélni
body velmi dobfe sleduji pfedpovézenou kfivku vypoétenou na zakladé
rovnice [5-52]. Pfi urgitém kritickém poli B, okolo 0,1 T se viak experi-
mentéalni body vzdaluji od teorie a vykazuji ve skutetnosti vzrist difuze

€& -2 Plasma??




Axial trap with electrostatic mirrors

e ]
s wjz axial movement

at 4K, 0.1Tesla and 106 Torr collision frequency

@ =1.7x10"s" ~17GHz v, =1.95x10° s~
=7.66x107 m = 0.8m

D =2.65x10°m*s™"

e

=1.34x10*m/s =1.34km/ s _

D, =327x10" m’s™

6Ccm

| U

between collisions 0.5ms . 1300m/s= 65cm =» 10x along the trap

v, =1.95x10°s™



