Modelling the behavi

plasma temperature
experim

Evandro Lodi Rlzzml Valerio Mascagna, Luca Venturelli, Nicola Zurlo
R

la Universita di Brescia & INFN-Italy INFN_
Michael Charlton
Swansea University-Wales-UK e
2l e LEAP2013
il Antiprotons

Electrostatic
Potential [V]
g

Uppsala, June 11, 2013

 — T R P T TRl
g 1 2 3 4 & & T 8 % 10 11 12 13 14 15
Z [em]

L.Venturelli, LEAP2013, Uppsala, June 11, 2013



Why e+ plasma temperature is important?

For experiments where Hbars are produced by overlapping pbars and e+

t?iﬂ* p

Hbar production rates depend on e+
plasma temperature

in both the expected Hbar production mechanisms:

Radiative recombination 3-body recombination "
e*.\ ¥ L _ — — e \
@ p+te" - H+y pte'+e’ - H+e' @
-067 21+ -45
AHbar | neTe AHbar | neTe
Apybar = Hbar production rate N = e+ density Te = e+ temperature
2
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e+ plasma temperature evaluations

- Evaluations of pbar temperature in Hbar experiments exist

See, for example: S.L. Rolston, G. Gabrielse, Hyperf. Inter. 44 (1988) 233.
J. Bernard et al., NIM A 532 (2004) 224

- No direct evaluation of e+ plasma temperature for Hbar experiments

we present a simple model to evaluate Te
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‘The processes affecting the e+ plasma temperature

- synchrotron radiation (- plasma cooling)

CLLIL

- antiprotons energy loss in the plasma (= plasma heating) l

‘0...0.0..
)® @

- e+ plasma expansion (= plasma heating) ﬂ
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e+ plasma temperatures: 1 or 27

50 T

e < only1temperature
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coll e
v= |2k
m,
2
b = 2¢
ATEKST),
k=0
v

| (R) = suppression due to B

A

See, for example
Robicheaux JPB 2008

coll

10° R\t

10

AR
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Ty (K)

(i.e. for strong magnetized plasma,
see Glinsky et al. PhysFluids1992).

() Do - X7K)7° | [ 183 209 0347 878 668
(k) Dexp - 6 X R7/15+R11/15+R13/15+R15/15+R17/15

If k>>1
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Calculations only

for

k>>1

-
L
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(K)
I Te >>1

col

20

= e/l = Te

- For ATRAP (B=5.4 T, n,= 4 10*3 m-3, assuming environmental temperature =4.2 K):

A

col

| o < 1 for low temperatures

— TeD 7 Te//

Not considered
in the model
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Synchrotron radiation cooling

due to e+ cyclotron rotation in B

From Larmour formula for Maxwellian distribution:

dT 31
Assuming T >>T d:D = —ET—eTeD (s1)
environmental
temperature
. 1 L
if /.lcoll >>T_ then TeD — leln _Te
c dr, 1
(s1) becomes =-——T,
dt T,
f T =T — _dTe:—Te_TreS

e res dt Te (/] - 1 j £

E_g':m

_ A7 mec?

e*B?
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Antiproton energy loss T L X

))1..
) cogosse
due to Rutherford collisions
dT _1 ('|'I _Te) T. =pbar temperature
dt T, )
) 3
with: r = 3”Lm03 47E, KsT. + KsT, |2 L. Spitzer, Physics of Fully
i 8\/57”6.22 In(/\) mcz n,ch lonised Gases, 1956.

3

(i {1

when T decreases, I, increases

Ni = pbars number

dT 1 N | /N = e+ number
== (T -T, | ;
d 7. N, (T -T.) l /

Sharing the same volume
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e+ plasma expansion Sy
due to not optimal vacuum and/or e.m. field asymmetry/misalignement

From energy conservation (electrostatic energy = internal energy):

dTe _ 62 > 1 dre
- Nelg ——= I'. = e+plasma radius
dt  6&yKg r, dt e

N, = e+plasma density

. : : 2 .
Since in Hbar experiment Nl is costant =>

———\Nele
dt  6&,ky r, dt

dr, ¢’ ( 2) 1 dr, l
0 _.

expansion velocity
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The model: equations system

Considering: synchrotron radiation + pbar energy loss + plasma expansion

the e+ temperature ynust satisfy the sysgem: /
4 / , /
%: T Tres_l_il(_l_ Te) e (n rz) 1dr
dt T I, N 6&:Kg I dt
ﬁ — —1 (T —T

at

. 1
Ti I e) (Acoll >> Z'_e j

- The equation system is linear in T,s =>the T, behaviors are independent of Ties
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The model: modified equations system

2 parameters to consider the effect of the partial pbars-positrons overlap:

P parameter M parameter
e @

b " = 0e %228 e if the antiprotons
pbars are not S 0] |/ .1}?{*&, 2 e Cloudis larger
continuosly inside : ‘-":"“:ﬁ.}:-“ ve® than the e+ cloud
the e+ plasma g o S nOBg o

PSl K : : : Lmégthr_crrsjé " " E'/’. .'i. E-:_ M Sl
2
aT,  T.-T . Y1N, & (o2) L
e —_"e res = Vi _ 2] + Ye
t 7 +MPTN (7 Te)+6£k Tefe o't
e I Ve 0"™B e

12
L.Venturelli, LEAP2013, Uppsala, June 11, 2013




The solutions (Te, T| ) depend on many parameters:

dr
B B T, T M P N, N VO:d—te (nere2

— no universal solution exists

Each particular case has to be considered
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The ATHENA case ...
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letters to nature

The ATHENA Experiment

cold antihydrogen atoms

1. Amorets, . Armler, & Bononis, A Bou

letter to Nature
Nature 419, 456-459 (2002)

Main goal: production & studing of cold H

Antiproton Accumulation &
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How ATHENA worked

Si strips
m 10%p & 108 e* are mixed in Penning trap

. HH = H form and fly away

= H annihilate on trap wall

2.5cm
+—>
[ ]
I

3T
.

Csl crystals

Offline selection of H annihilation:

Coincidence in space & time (<5ms) of:
- p annihilation (charged pion vertex)

 e* annihilation (2 back-to-back 511 keV y)
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The ATHENA case  coLp Mix 2003

- The condition Ay 7.>>1 (= Tg=T, =T.) is always satisfied

- Values used in the simulations:

1
B=3T r.=——5sS=03s
° 039B?
M =1 P =0.3 N.B. We have found that the P value affects
only the time of the pbars slowing down

E,=16 eV & pbar initial energy N.=7.510" <& e+ number
Ty=Tres=15K + initi

0 4 < e Initial temperature T,es=15 K & environment temperature
N;=1 10 & pbars number

o - Not measured, lower limit

Quantities modified:
Vg = % =0-2010"°m/s < e* expansion velocity
n,=0.7-70 10*4 ptc/m3 < e initial density

Ro=1.103*(7. 10 /ny) m € e"initial radius
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The ATHENA case

COLD MIX 2003

=0.2 10_6 m/s <« experimental
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T, Vvalues at equilibrium depend on the density (& expansion), but the differences are small
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The ATHENA case — different expansion velocity

Vo =0 no expansion
g [ £ 40— .. .
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The ATHENA case - How to check the model?

Direct check of the model with the experimental data is difficult

We can use the “reinjection data”

)

1—  Amoretti et al.z
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peik 1s manly due fo antibydrogen production. In the inset, the
on-axis potentials applied o re-inject the apfiprotons mwto the
postron plasma, are displaved (dashed linas)

The experiment

- At t=0 standard e+-pbar mixing.

The 1° peak corresponds to the detected
Hbars. Other Hbars are field-ionized and
their pbars can fill the lateral wells

After 40s pbars are re-injected into e+
plasma by adiabatically compressing the 2
side wells. Hbar formation restart and 2°
peak appears.

2° peak is similar to the 1° peak

< e+ plasma conditions (@40s) are
similar to the initial ones (t=0)

In agreement with simulations

(where T, - T, after 2s)
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The ASACUSA case ...
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The ASACUSA Experiment
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temperature (K)

e+ temperature (K)

The ASACUSA case 2010

1
B=27T lo=—F——=—S P=03 M =1 E,;=13eV < pbarinitial energy
039B
R,=0.5 103 m < e+ initial radius TO_=TI’eSS=1OO K & e+ initial temperature
N.=3 106 & e+ number Ni:3 10 . < pbars numper |
no=1. 10*13 ptc/m3 & e+ initial density ¥0‘7O 10 m/s < e+ expansion velocity

1= ! ! ! ! !
140
130
120

110

100 ; ; i ;

es—100 K < environment temperature

N experimental

T—— Large number of pbars strongly

increases T,

T, slowly decreases due to the

_— fast expansion and large

pbars number
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The ASACUSA case - different e+ values 2010

lower e+ values (number & dens.)

higher e+ values

e+ temperature (K)

temperature (K)

no=1. 10*2 ptc/m3 e+ initial density n,=1. 10*4 ptc/m® e+ jnitial density
N.=3 10° e+ number N.=3 107 e+ number

temperature (K)

1000 ! !
800
600

400

e+ temperature (K)

200

T T, decreases slower

due to larger heating by pbars (in respect to the exp.case)

due to larger heating by e+ expansion (more
electrostatic energy to be converted)

=> The exp. case is a lucky compromise between heating from pbar energy loss and from e+ expansion

=> More e+ iS nOt always the beSt L.Venturelli, LEAP2013, Uppsala, June 11, 2013
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The ASACUSA case 2012

Same conditions as in 2010 but:

R,=0.25 103 m & et initial radius Ey,=10 eV & pbar initial energy

Vo=10 10° m/s < e* expansion velocity To=80 K & e+ initial temperature
no=1. 10"14 ptc/m3 & e~ initial density T...=80 K € environment temperature
N.=3 107 < e+ number
10° . ' T T ' T "
< 't TR EL e, CNERESBRRE SRR
g |1 Better e+ conditions in respect
§ 0 o 1 102010 case
100 | I | | I I |
10° 10° 10" 10° 10° 10" 10° 10’ 10°
time (s) .
— | Te quickly decreases
160
< 140
g 120
3
$ 100
e R B S R
time (s)
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Conclusion

A simple model to evaluate T, has been performed

The model includes collisional, radiative and plasma expansion effects
(together for the 1° time)

Some results from the model qualitatively agree with the experimental data

The analysis of the model results suggest that some naive expectations can be
wrong (for example: “more e+ < lower T.”)

The model can also be used for the ALPHA case and it can be extended to include
the ATRAP case
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