Heavy Molecular Ions in
Electron Cooler Storage Rings
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Cooler is “designed” for v=10
— E_, can be very small (meV!)
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reaction ‘‘rate coefficient”

a = (og(v)v)

collision velocity v = |v. - v |
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e-Cooler: Low energy electron-1on collider
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Rate Coefficient (107° cm?® s7!)
[Savin, ApJ 489 (1997)]
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Recombination of molecular 1ons

Electrons and molecular ions:
Dissociative Recombination (DR)
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#  (Gas-phase chemistry in
ISC:
H'+e->H+H+H

e.g. [Petrignani, PRA 83 (2011); Kreckel, PRA 82 (2010)]

= A source of energetic products in
cold environments
H,O"+e—H,O" +H [Buhr, PRL 105 (2010)]

HCNH"+ e —» HCN/CNH™ + H [Mendes, ApJ Lett. 746 (2012)]
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Molecular proxy for H,: HF
H2 +2F—>2HF+E [Novotny, t.b.p.]
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DR of molecular 1ons
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reaction “‘rate coefficient”

a = (o(v)v)
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DR of molecular 1ons

HeH" v=0)+e¢ —> He (1) + H (n>2)
, . , ; , . , TSR (S. Krohn, 2000),
data scaled to Tanabe et al., 2000
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coll KE

reaction “‘rate coefficient”

a = (o(v)v)
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DR of molecular 1ons
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DR of molecular 1ons

dissociative recombination of D30+
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[Buhr, PRL 105 (2010)]

—
=

event density (ev™)

axcited OO0/ D, +

oD + D,

3 a 5
kinetic energy release E (eV)

U HEeen,) - H=2) 4 FePy
=172 To72 T2 T1312 Ti52 . 2 —
HF'(X1,,) — H(n=2) + F(P, ) d

e "3z sz Y Yo i !

u

—
&
=
=

=
[
=
=
S

-

HF-+(X, ,J=9/2) — H(n=2) + FCP, )

event density [a.u.]

dissociative
recombination

M
%
>
)
o
Z,
=
(]
A4
o
)
iy
=
ja—
=
~
W
Z
k._k
5
Z,
<
—
R
>
<
=

[Stiitzel, in prep.]

llll!llJJlllllllllJIJl%rI

Claude Krantz - COOL'13 Workshop Miirren, 14 June 2013



M
%
>
)
o
Z,
=
(]
A4
o
)
iy
=
ja—
=
~
W
Z
k._k
5
Z,
<
—
R
>
<
=

DR of molecular 1ons

Requires good
transverse cooling!
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[Stiitzel, in prep.]

[Buhr, PRL 105 (2010)]




Electron cooling molecular 1ons

o Maximum rigidity: r B__
for TSR: = 1.4 Tm

e Maximum velocity:

Z 7z
vion:Alwn erax_)UN =

won

e.g. CHD* (15u): v ~0.030¢c,U~230 V

D,0O* (22u): v _~0.020c,U~110V

DCND*(30u): v, ~0.015¢, U~55V
HCIF (36u): v ~0.012¢c,U~ 40V

1

N gt D.CIF (39u): v, ~0.010c,U~ 31V

1
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@ Both storage and electron cooling
of molecular 1ons are difficult!

... short storage times
(res. gas losses)

... long e-cooling times
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Storage time [ms to s]

Cooling time
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Cooling force
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beam emittance

For molecular ions:

Mion > 10u

Storage time [ms to s] ~ Z ion —
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Cooling force

— low electron energy (~Ue)
—lown (I ~U?>?)
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High beam rigidity (low v. ):

beam emittance

~ )
For molecular ions:

Mion > 10u

Storage time [ms to s] ~ A ion —
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effective electron temperature

Cooling force

100 K ——

I0K — 1

5K——
2K —

0K — |

-60 -40
Cooling time
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beam emittance

( Major impact on cooling force

for transverse cooling (DR imaging!):
Te ~ T i

Improvement: Magnetic expansion
B
TJ_ ~ Tcath_.

1
but: decreases also ne!

\ Better: Start with low 7 L directly!

~

High beam rigidity (low v. ):
— low electron energy (~Ue)

Storage time [ms to s]
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—lown (I ~U?>?)

For molecular ions:

Mion > 10u

Zion —
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Electron temperature

Thermionic cathodes:

k,T

J~Tzexp " )

established technology
high J are possible ...
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high electron-T
(k,T>100 meV)

T=1300 K
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Electron temperature

Photocathodes:

> Electrons overcome @ by absorbtion q):[
of photons (7v > ©)

Semiconductor Negative Electron
Affinity (NEA) photocathodes: €’s can
thermalise to states close to vacuum
energy.
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T.~T

cath

(k,T=10 ... 24 meV)
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GaAs photo cathodes

NEA-activation by exposure
to Cs and O,.

QE

[A. S. Terekhov ef al., ISP Novosibirsk]

M
7%
p
T
&y
Z,
=
(]
A4
o
o)
L
=
ja—
=
~
W
Z
k._k
5
Z,
<
—
R
e
<
=

kT = 10 ... 24 meV
Ie <1 mA
Q. . ~100C
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Photo cathode electron cooler
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Photo cathode electron cooler
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Photo cathode electron cooler
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Ti/Cr —

P-GaAs
AlGaAs
Sio
Sapphire
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Photo cathode electron cooler
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molecular
ion beam
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Electron cooling at low velocity

molecular
ion beam

>

T, ~10 K (1 meV)

(0

T|| <1 K (0.1 meV) B |

adiabatic |
magnetic ‘_ 11,

gia
expansion = 7 ~100-200 K

ca

(B/B,~20) o (10 — 20 meV)
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Electron cooling at low velocity

molecular

>

oAl

T, ~10 K (1 mev) "=

T|| <1 K (0.1 meV) B |
Imaging of neutral

fragments

¥ _ —  transverse
adiabatic b beam emittance

magnetic ‘
expansion

B 7 ~100-200K

ca

(B/B.~20) _ g (10 — 20 meV)
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Electron cooling at low velocity
CF*

(2.6 MeV)
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Electron cooling at low velocity

(2.6 MeV)

For each 2-particle-event:

— reconstruct
centre-of-mass (x,y)

— get emittance (X,Y)
vs. storage time

ERANAY RLRLNRERRY|
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beam emittance

Storage time [ms to s]
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Electron cooling at low velocity

E (cool.) Bp,, (Tm)

D,0"
DCND"
DCO"
N,D*
CF’
HS”

1 80 1 60+
H35 C1+
D235 C1+

735 eV
327 eV

231 eV
112 eV
115 eV
112 eV

56 eV
56 eV
56 eV

46 eV
45 eV
43 eV
40 eV
31 eV
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0.49
0.55

1.37
1.28
1.31
1.36

1.36
1.36
1.36

|4
1.33
1.34
1.32
1.31
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Electron cooling at low velocity

E (cool.) Bp,, (Tm)

det. pos. X [mm)]
det. pos. Y [mm]

DCND"
DCO
N,D*

2
CF*
HS*
180160+
HCI* .= 0.31(1) mm
D *CI*

storage time [s]
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rms width X [mm]
rms width Y [mm]

Preliminary!
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Electron cooling at low velocity

E (cool.) Bp,, (Tm)

o
- Ty % v

~det. pos. X [mm]

g
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* .
.
=0.43(5) mm

storage time [s] storage time [s]

rms width X [mm]
rms width Y [mm]  det.

Preliminary!
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Electron cooling at low velocity

E (cool.) Bp,, (Tm)
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Electron cooling at low velocity

E (cool.) Bp,, (Tm)

30

735 : HS"
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Preliminary!
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Electron cooling at low velocity

E (cool.) Bp,, (Tm)

735 ¢
327eV

31 eV
112 eV
115eV
112 eV

56 eV
56 eV
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Electron cooling at low velocity

E (cool.) Bp,, (Tm)

735 ¢
327eV

31 eV
112 eV
115eV
112 eV

56 eV
56 eV
56 eV

46 eV
45 eV

150160 43¢V |z | :
: 0ev | | - 0.40(5) mm
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Electron cooling at low velocity

E (cool.) Bp,, (Tm)

I (mA) n (cm®) t__ (S)

D,0"
DCND"
DCO"
N,D*
CF’
HS”
18OI60+
H35 C1+
D235 C1+

735 eV
327 eV

231 eV
112 eV
115 eV
112 eV

56 eV
56 eV
56 eV

46 eV
45 eV
43 eV
40 eV
31 eV
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0.49
0.55

1.37
1.28
1.31
1.36

1.36
1.36
1.36

77
1.33
1.34
1.32
1.31

0.3
0.2

0.27
0.24
0.22
0.22
0.2

Preliminary!
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Electron cooling at low velocity

E

D,0"
DCND"
DCO"
N,D*
CF’
HS”
18OI60+
H35 C1+
D235 C1+

73] within ~ 10 s.

32—y

¢ We are able to cool even the
heaviest (slowest) molecular ions

g (Cm_3) Tcool (S)

¢ ‘tcold’ bJ (S)

231 eV
112 eV
115 eV
112 eV

56 eV
56 eV
56 eV

46 eV
45 eV
43 eV
40 eV
31 eV
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1.37
1.28
1.31
1.36

1.36
1.36
1.36

77
1.33
1.34
1.32
1.31

0.3
0.2

0.27
0.24
0.22
0.22
0.2

Preliminary!

2.1-10°
2.1-10°

\

1.4(1)
0.7(2)
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Electron cooling at low velocity

E _(cq

D,0"
DCND"
DCO"
N,D*
CF’
HS”
18OI60+
H35 C1+
D235 C1+

735 ¢
327 Uy

Cooling rates agree with
T =10...20K

(&

(lots of uncertainties ... )

n_(cm)

Tcool (S)

“a” (5) &, (um)

231 eV
112 eV
115 eV
112 eV

56 eV
56 eV
56 eV

46 eV
45 eV
43 eV
40 eV
31 eV
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0.22
0.22
0.2
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Preliminary!
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Electron cooling at low velocity

E (¢

€

Transverse momentum

D,0"
DCND"
DCO"
N,D*
CF’
HS”
18OI60+
H35 C1+
D235 C1+

735
327

231
112
115

spread corresponds to
~40...70 K

(roughly what one
expects from IBS
modeling at given t_ .)

A) ne (Cm_3) Tcool (S) “tcold” (S)

\

112

56
56
56

46
45
43
40
31
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How to reach even higher mass?

Solution 1: Use a bigger storage ring Solution 2: Store (much!) longer

CSR (“Cryogenic Storage Ring”, MPIK)
CSRe (“Cooler Storage Ring”, IMP)

beam line at ~ 10 K
9.4 Tm

— 10" mbar
— 100 x longer 10n lifetimes
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Molecular ions research facility,
Lanzhou, China.

—M /Z ~200 ]Mion/Zion > 160 (with e-cooling!)

ion ~ion
Added value: IR-radiation-free!
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Molecular ions research facility,
Lanzhou, China.

—M /Z ~200 ]Mion/Zion > 160 (with e-cooling!)

Added value: IR-radiation-free!
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CSR Electron Cooler

Technically challenging:  Cooler must be contained in the CSR cryostat
(bakeable, 10""* mbar, 10 K)

CSR energy limit: — Need very slow electrons

E /7Z =300KkeV 160 eV forp"

<20 eV for most mol. ions
1eV for M _=160u
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CSR Electron Cooler
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CSR Electron Cooler

Photocathode electron source (TSR) :

~ 10 x lower T compared to thermionic emission

GaAs cathode Extraction electrodes TSR E_Targéf\

~photocathode e-gun
(T, ~10K)
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k,T ,~1 meV i
n~10°cm” @ 1eV M
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Summary

Slow molecular 1on beams are fun but challenging.

e-cooling of them requires cold, slow electron beams.
GaAs photo-cathodes are 1deal sources.

The photocathode e-cooler at TSR has cooled molecular 1ons
up to mass 39 to emittances of ~0.01 um 1n a few seconds.
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A low energy (1 eV) e-cooler based on the same emitter 1s
being build for the electrostatic Cryogenic Storage Ring.
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GaAs photo cathodes

= Negative Electron Affinity:

@ To reach the vacuum level, we still need
to overcome the electron affinity.

Claude Krantz - COOL'13 Workshop

conduction band

valence band

therp,

%HL Jr

vacuum level

Fermi level

crystal surface

Miirren, 14 June 2013

electron affinity (EA)




GaAs photo cathodes

Negative Electron Affinity:

@ electron-phonon scattering broadens the electron energy distribution ...

@ ... butin practice, only a narrow part of the

energy distribution is extracted. - 7 =T

tunnel | | effect
—

conduction band

space
charge

vacuum level

M
7%
p
T
&y
Z,
=
(]
A4
o
o)
L
=
ja—
=
~
W
Z
k._k
5
Z,
<
—
R
e
<
=

valence band
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Photo-cathode electron cooler

Photocathode setup Cs/O

Preparation chamber: | ll— GaAs

Cs/O activation,

thermal cleaning, Sapphire
spectroscopy, -
4 cathodes
5-10"2 mbar

Magnetic manip.
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Gun chamber:
LN2-coldhead, HV-supply,
- Laser illumination

Atomic H / Loading chamber: ] TSR vacuum, 2-10""" mbar
In-vacuo cleaning by H radicals,

air-lock for cathode loading,

10 mbar
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Tl s = IR

€, ~0.01 mm mrad

(<1 mm @ 12 m)
after ~4 s

fits with

T =153)K

€y

We need a cold
electron source!

centre of mass y [mm]

storage tune [s]

Claude Krantz - COOL'13 Workshop

=1.50(15) s

cool, v

expected for

tiINrmionic

elecyon cogfler:
(TJ_N Y )

~ 30

(longer than
ion lifetime)

storage time [s]
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The Cryogenic Storage Ring

A fully-featured next generation storage ring

1.8 K LHe

circumference: 35 m
beam cryocooler

beam energy: 300 keV/q diagnostics
temperature: 10 ... 300 K
res. gas press.
(@<10K): 10" mbar RTE
(~ 1000 cm™)
ion masses (for g =1 e)

113 29

no cooling: l...%0"u 6° deflectors
with cooling: 1 ... '

TSR e
photocathode

1‘ W

gas jet target 1 e—oun & .
+ reaction & ' . ul”l ‘ ‘ electron cooler

microscope S A =

) dl

,|||\- -lsi
|
7 (L A

.
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Injection
(20 ... 300 keV/q)

“free” experimental
section
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LNe Cooler:

Guiding field inside cryostat
is provided by superconducting
(HTS) coils.

LNe cooler

A ~32 K LNe cooler for
the HTS coils to has
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The CSR electron cooler

Electron energy: towards 1 eV an below ...

Interaction region

o Calibration of £_against cathode potential

taking beam space charge and
work function differences into account

Transport region

Expansion -
region [}

Current: Gun [
fewuAatE  =1eV

1 : T

Theaoretical maximum
p=5.56 pperv
n -~ 10° cm?

[
o
1

[Shornikov, t.b.p.]

TSR test
p=4.1 uperv

Cooling times
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current (HA)

3/2
Mion Te

Z2 n TSR normal
ion'te 1 p=0.58 uperv

TN

up to~100s...
... but: ion lifetime ~ 1000 s
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The CSR electron cooler
Magnetic guiding field

HTS magnets
Need B = 250 G for

adiabatic transport

Magnets + chambers
cryogenic

HT superconductors
(no heating of CSR)
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Cryogen: LNe
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