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NEWS-G Vews

Light DM searches with a novel gaseous detector, the spherical proportional counter
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Spherical Proportional Counter

,+<— Avalanche Region

<+ Anode

<+ Grounded Rod
Grounded Cathode

\

“rLow capacitance, single-e detection
4hSmallest surface area to volume ratio

4pLow-mass target nuclei
=H and C (in CHs, i-C4H10), He, Ne, etc.
4Simple, radiopure construction
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Spherical Proportional Counter

=

Resistive DLC |
central electrode

,«— Avalanche Region _J" JINST 15 (2020) 11, 11
‘ JINST 19 (2024) 01, P01018
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<+ Grounded Rod
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\

“rLow capacitance, single-e detection
4hSmallest surface area to volume ratio

4pLow-mass target nuclei
=H and C (in CHs, i-C4H10), He, Ne, etc.
4 Simple, radiopure construction
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lonisation Quenching Factor

Stopping and Range of lons in
Matter (SRIM) simulation
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® Must be measured to infer recoil’'s energy from measured signal
® Further measurements planed in near future

g UNIVERSITYoF
ey BIRMINGHAM Patrick Knights - NEWS-G - EPS HEP 2025 - Marseille 10/07/2025




lonisation Quenching Factor

Stopping and Range of lons in
Matter (SRIM) simulation

‘ ﬂ-\
1.0 . : . \\\ ; ,
5 0.8
e
¥
(O
L
(@)
-_g 0.6 H* in H, Ar®in Ar
8 ~—=He" in He =—=Ge~ in Ge
% Ne™ in Ne Xe* in Xe
g 0.4 - _S|+ |nS|
O
-
(O
R
-
2 0'2 -/—_-_—-_-____—__
-
0.0 - - . .
0 2 4 6 8 10

Energy [keV] : : :
Fraction of recoll’'s energy goes to ionisation - lonisation quenching factor

[]
® Must be measured to infer recoil’'s energy from measured signal
® Further measurements planed in near future

41 UNIVERSITYOF
#*Sy BIRMINGHAM Patrick Knights - NEWS-G - EPS HEP 2025 - Marseille 10/07/2025



https://doi.org/10.1140/epjc/s10052-022-11063-9
https://doi.org/10.1103/PhysRevD.105.052004
https://doi.org/10.1016/j.astropartphys.2022.102707

lonisation Yield Measurements

4pDirect measurement of ionisation yield in SPC
=230 cm used, with laser calibrations

4plonisation yield measured at various voltages at Al
florescence and 37Ar energies
=Gain independent and consistent with literature to ~5%
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lonisation Yield Measurements -

4pDirect measurement of ionisation yield in SPC
=230 cm used, with laser calibrations —

“rlonisation yield measured at various voltages at Al 2
florescence and 3Ar energies =
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=Gain independent and consistent with literature to ~5%
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4pDirect measurement of ionisation yield in SPC
=230 cm used, with laser calibrations

4rlonisation yield measured at various voltages at Al
florescence and 37Ar energies
=Gain independent and consistent with literature to ~5%

.........
e K S &

S G J i

< 6000 il hat i SRl 5 ahals i e B
= TP TR T S Tr o
S 5000 SRR E R s okl i gl s TR
> R e B R B RS ?-"'. el | ® :
_-l;‘ H
& 4000

<

lonisation Yield Measurements

213 nm laser

{

UV Laser

"A¥covered 241Am

W(E) [eV/e ™ ]
S
|

-—
-~y
_—
_— .

1300V ¢ ——

Combecher (1980)
& Waibel (1983)

Smith (1978) ¢

3000 I ait 1 EES SR
¢
2000
- ]
0 10000 20000 30000 40000 50000 2 3
: 10 10
Time [s]
Energy [eV]
A UNIVERSITYOF ] ] )
#* BIRMINGHAM Patrick Knights - NEWS-G - EPS HEP 2025 - Marseille 10/07/2025



https://doi.org/10.1103/PhysRevD.111.072007

S$140 Detector

45140 detector: @140 cm detector
=99.99% pure Cu with 0.5mm electroplated
ultra-pure Cu internal layer  NucLinstrum.Meth.A 988 (2021) 164844
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45140 detector: @140 cm detector
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S$140 Detector

45140 detector: @140 cm detector
=99.99% pure Cu with 0.5mm electroplated
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S140 in LSM
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S140 in LSM

4pBuilt and tested in LSM
= First physics from commissioning data
=135 mbar (114 g) CH, for 10 days
4pDetector calibrated with UV-Laser and 37Ar source
4pElectron counting performed with time separation
used as discriminating variable
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S140 in LSM
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Recent NEWS-G Results

Phys.Rev.Lett. 134 (2025) 14, 141002
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DarkSPHERE

SEDINE SNOGLOBE
@60 cm @140 cm
NOSV Cu 99.99% Cu
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Simulated backgrounds in S140

Cosmogenic activation

(1 year cooling)
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Da rI(S PH E RE Simulated backgrounds in S$S140

Cosmogenic activation
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Current detectors Electroforming...
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Da rI(S PH E RE Simulated backgrounds in S$S140
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Science and
Technology

O Facilities Council 22Rn ~3 Bq/m3 P_Scovell. DMUK 2019
DarkSPHERE in Boulb v e A
Laboratory -

4pDarkSPHERE will use a modular water-based shield
4rA pure water shield is sufficient for background goal of

0.01 event/keV/kg/day in ROI
4)pConceptual design fits in available space in Boulby’s LEC

"4
’f—‘ 250.0 cm—7 : 150.0 cm

Lias shales

Keuper marl

Bunter Sandstone

DarkSPHERE
@3 m Fully Electroformed SPC

Access to detector

Modular water-based shield

Environmental background rate < 1 keV [dru]

Photon-induced Neutron-induced : -
Shielding configuration Photon Neutron Photon Muon-induced Large Expe"mental ave
2.5 m water 4.2 x 1073 (0.3) 9 x 107 (5) 1.3 x 107 (0.4) 5x 1073 (4)
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https://indico.fnal.gov/event/19947/contributions/54719/attachments/34157/41788/DMUK_BoulbyUpdate.pdf

EFCu in Boulby

YECUME project: R&D completed for 2140cm detector + scale model
4pEstablished EFCu facility underground in Boulby

= Currently being commissioned
= First Cu produced and being assayed . . , arXiv: 2507.00799
#rAlso exploring plating materials to reduce Rn emanation and high-purity alloys . ... 5506 23231

4’1 UNIVERSITYOF
ey BIRMINGHAM Patrick Knights - NEWS-G - EPS HEP 2025 - Marseille 10/07/2025

13


https://arxiv.org/abs/2507.00799
https://arxiv.org/abs/2506.23231

EFCu in Boulby

YECUME project: R&D completed for 2140cm detector + scale model
4pEstablished EFCu facility underground in Boulby

= Currently being commissioned
= First Cu produced and being assayed . _ , arXiv: 2507.00799
#rAlso exploring plating materials to reduce Rn emanation and high-purity alloys . ... 5506 23231

Electrolyte ‘@

Cuanodes Cathode/Part

being plated

Pump and filter assemblies

Commissioning of bath underway
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YECUME project: R&D completed for @140cm detector + scale model
4pEstablished EFCu facility underground in Boulby

= Currently being commissioned
= First Cu produced and being assayed . _ , arXiv: 2507.00799
#rAlso exploring plating materials to reduce Rn emanation and high-purity alloys . ... 5506 23231
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DarkSPHERE (23m) Physics Potential
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DarkSPHERE (23m) Physics Potential

1 0—32

1 0—34

DM-nucleon g<; [cm?]

10736

1 0—38 :

90% CL Upper Limit
He:i-C4H10 (90%:10%)
Sensitivity from He

@3 m, Sbar, 300days
|

10740

1072

YrEnhanced sensitivity through MIGDAL effect in nuclear scattering
4pSensitivity to electron scattering through low threshold
4pLarge sphere is also ideal shape to study more exotic candidates

1 UNIVERSITYor
ey BIRMINGHAM

DM mass m,, [GeV/cz]

Patrick Knights - NEWS-G - EPS HEP 2025 - Marseille 10/07/2025



-32
N'_' 10 " \ N'_'

- | \ E . 3
<. 1\ 2. 10
o \ \ o

= 10734 \ \\ =

Q \ b _36
C - .

. 1073 \ [

= \ =

) : \\ 10 -

1 0—38
90% CL Upper Limit

He:i-C4H1o (90%:10%) 90% CL Upper Limit Dok

40
10 He:i-C4H1q (90%:10%)

Sensitivity f H
gznri]l, ngr,rggéd:ys @3m, 5bar, 300day|s | FDM=(ame/Q)2
=40 Vo 1 | | | o L L1l 1 I T T 1 R T T A A
10 10'—2 1(;-1 1 10 10° 10°
2
DM mass m, [GeV/c’] DM mass m, [MeV/c’]

YrEnhanced sensitivity through MIGDAL effect in nuclear scattering
4pSensitivity to electron scattering through low threshold
4pLarge sphere is also ideal shape to study more exotic candidates

ER

UNIVERSITYOF
BIRMINGHAM Patrick Knights - NEWS-G - EPS HEP 2025 - Marseille

DarkSPHERE (23m) Physics Potential

10/07/2025

15



DarkSPHERE (23m) Physics Potential

1073 T \ | , e
~N ~N ] Mica %
E‘ || \\ E, 1074 | ;
— N Ohya 3
c - i
O \ \ O | 3
E \ 15 107° DEAP-3600 e
g - \ 13 | T 3
' -36 1 9 | & g
s 1077°F \\ S | € T
- .__ \\ 1= 10738 : S 1
[ 3
_ = — —J :

10 3 90% CL Upper Limit

90% CL Upper Limit
He:i-C4H10 (90%:10%)

Sensitivity from He Fom=(am./ )2
®3m,5bar’ 300days QB m’Sbar' 300days DM_ e q 10_24 15 |||16| 1 |||||||17| 1 |||||||18| 1 |||||||19| 1 |||||||20| Ll 21
L 1l L L L1 11 | L1 10 10 10 10 10 10 10

10740 ' S 02 10°
1 10 10 10 5
DM mass m, [GeV/c7]

He:i-C4H10 (90%:10%)

@3m, Sbar, 3years

He:i-C4H10 (90%:10%) 3

1072 10~

2
DM mass m, [GeV/c’] DM mass m, [MeV/c’]

YrEnhanced sensitivity through MIGDAL effect in nuclear scattering
4pSensitivity to electron scattering through low threshold
4pLarge sphere is also ideal shape to study more exotic candidates

E@ UNIVERSITYOF
¢ » BIRMINGHAM Patrick Knights - NEWS-G - EPS HEP 2025 - Marseille 10/07/2025 15




Summary

4pSpherical proportional counters employed for light-DM searches
4pFull detector electroformation will overcome main BG

#»DarkSPHERE proposed for Boulby’s existing space
=\World-leading physics potential in multiple interactions
4pOther exciting physics potential: OvpB, CEVENSs, neutron spectroscopy, etc.

Modular water-based shield
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Ultra-Pure Cu Electroforming

4pMain background source Cu detector
53 4pFavourable electrochemical properties of
N Pa | copper - Possible to produce copper with
**  reduced contaminants (e.g. U, Th, K, etc.)
4pPerforming this underground -
suppressed cosmogenic activation
fpUsed by several experiments, e.g. NEWS-G

214 210
Po Po
214 /84 160 us 210 /84 138 d
Bi Bi |
83 20m ' \ 83 54 206
Pb
82 Stable

Nucl.Instrum.Meth.A 988 (2021) 164844
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Ultra-Pure Cu Electroforming

4pMain background source Cu detector
a4 ‘PFavourable electrochemical properties of
o Pa | copper - Possible to produce copper with
**  reduced contaminants (e.g. U, Th, K, etc.)
4pPerforming this underground -
suppressed cosmogenic activation Ty
#pUsed by several experiments, e.g. NEWS-G e

214 210
Po Po
214 /84 160 us 210 /84 138 d
Bi Bi |
83 20m ' \ 83 54 206
Pb
82 Stable

Nucl.Instrum.Meth.A 988 (2021) 164844
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Ultra-Pure Cu Electroforming

4pMain background source Cu detector
>34 4pFavourable electrochemical properties of
Pa | copper - Possible to produce copper with
1o reduced contaminants (e.g. U, Th, K, etc.)
4pPerforming this underground -
suppressed cosmogenic activation
fpUsed by several experiments, e.g. NEWS-G v @

|CP-MS Assay
Sample Weight 2%?Th 238U
214;) 21c|)D g] 1Bakg™] [nBgkg™]
0 0
10100 Cu
214B_ /84160“8 21OB_ /84 138 (Machined) 874+1.6 27.9+1.9
| | \ Vew Cu
83 20 m 83 5d 206 Electroformed - <0.119 <0.099
Pb Hemisphere 1 0.256  <0.58 <0.26
82 stavie Hemisphere 2 0.614  <0.24 <0.11

Nucl.Instrum.Meth.A 988 (2021) 164844
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Neutron scattering-induced nuclear recoils in SPC — compare to calibration

proton
beam

Li foil

Quenching Factor Measurements: TUNL

SPC
ISecm @

I

P oF SRR

\,
.........................

neutron
interaction

region

Pb
cap

PMT

Liquid
scintillator

Run En, [keVn] 0E,, [keVnar]

0 [°]

8
7
14
9
10
14
11
14

6.80
2.93
2.02
1.70
1.30
1.03
0.74
0.34

1.15
0.46
0.29
0.26
0.2
0.2
0.11
0.11

29.02 £ 04 245
18.84 = 0.1 1.47
15.63 = 0.3 1.12
14.33 £ 0.06 1.1
12.48 £ 0.05 0.94
11.13 £ 0.3
94 £+ 0.03 0.69
6.33 £ 0.26
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Quenching Factor Measurements: TUNL

: : o : : ol BD
Neutron scattering-induced nuclear recoils in SPC — compare to calibration A S
cap
___________________ SPC PMT
. HDPEandPb 15cm @
Recoll SpeCtrum shielding
un/ proton N Liquid
40 - ~—Likelihood fit beam N scintillator
1400 - . ¢ Data | O N ~—
Simulated 35 - l I:I NITIM
R N —
1200 - e pag Aol
S 301 Measured Lifoil 7/ o _heutron
1000 - &’ TL ST imteraction
3251] ! ! s region
800 - o UL N I I A I R e I
€ 201
600 - § |
2 13 Run Eqr [keV keV 0 ° o
3 un Enr [keVi:| 05, [keVi] °] oo [°]
400 - 10 - 8 6.80 1.15 29.02 +£ 0.4 2.45
7 2.93 0.46 18.84 +£ 0.1 1.47
200~ 5 - 14 2.02 0.29 15.63 + 0.3 1.12
L | | | | | | 9 1.70 0.26 14.33 £ 0.06 1.1
1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 oc;.o 0.5 10 15 >0 25 3.0 10 1.30 0.2 12.48 + 0.05 0.94
Enr [keV] Energy [keV] 14 1.03 0.2 11.13 £ 0.3 1.1
11 0.74 0.11 9.4 + 0.03 0.69
14 0.34 0.11 6.33 + 0.26 1.1
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Quenching Factor Measurements: TUNL

. . o . . BD
Neutron scattering-induced nuclear recoils in SPC — compare to calibration N S—
C
___________________ SPC PMT
: HDPEandPb 15cm @
Recoil Spectrum shielding
un/ proton N Liquid
40 - — Likelihood fit beam N1 scintillator
1400 - . ¢ Data SOOOOOIOICICR
Simulated 35 - | I:I ..............
o < 30- af ||[| | Measured | Lifoi 27 neutron
1600 - B IS interaction N\
0.5 B region X
800 - UL N I I A I R e I
 Phys.RouD 105 (202215, 032004 N v e e T
400 - T S T 8 6.80 1.15 29.02 + 04 2.45
7 2.93 0.46 18.84 + 0.1 1.47
2001 JJJ 5 14 2.02 0.29 15.63 + 0.3 1.12
= 9 1.70 0.26 14.33 £ 0.06 1.1
v RS ittﬁﬂétﬁ%o 10 1.30 0.2 1248 +0.05 0.94
o 14 1.03 0.2 11.13 £ 0.3 1.1
= 11 0.74 0.11 9.4 + 0.03 0.69
~ 14 0.34 0.11 6.33 £ 0.26 1.1
g 0.2 - 2 bar Ne+CH; (3%)
o
QF mean joint fit
0.1 o SRM
Vewa ==« Lindhard theory
10 uncertainty from joint fit on the QF.
Total systematics
0.0 T . - r f
0 2 4 6 8 10
Enr [keV,]
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Quenching Factor Measurements: COMIMAC

generator oy o Electrons and ions directed into SPC — compare response
Studied ions 2 - 13 keV, calibrated with e- 1.5 - 13 keV

CH4 @ 100 mBar I ‘
— Plasma

‘ source
1.45 pm Focusing
hole electrodes

Rod

ACHINOS

\ 1270 V /K J

Comimac

330 cm SPC —.

Y
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enching Factor Measurements: COMIMAC

Electrons and ions directed into SPC — compare response
Studied ions 2 - 13 keV, calibrated with e- 1.5 - 13 keV
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enching Factor Measurements: COMIMAC

Electrons and ions directed into SPC — compare response
Studied ions 2 - 13 keV, calibrated with e- 1.5 - 13 keV
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Quenching Factor Estimates: W-Values

W-value: Average energy required to produce electron-ion pair
"W different for electrons and ions, and varies with energy
=Difference Is quantified by QF

W of electrons and ions in gases prev. studied for dosimetry
=Comparing asymptotic electron W-value and W(E) for ions, get QF

o e  [5] o H*[4]
o e” [6] H* [8]
o e [14] o H* [9]
o e” [18] = H*[10]
o H* [1] o H* [12]
o H" [2] o H* [13]

=
o
N

do 0 10.000000. .+ e

'..................o.. D.O.oo.@o.ow.......mw

1 Ar

W-Value [eV]

=
o
w

et [2]
et [3]
et [8]
e* [9]
et [13]

] C3Hg

A C*[3] v NZ%I[1]
A C*[13] A O*[1]
v N* [1] Ar* [8]
v N*[2] % Art [9]
v N* [3]

Energy [keV]
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Quenching Factor Estimates: W-Values

W-value: Average energy required to produce electron-ion pair
"W different for electrons and ions, and varies with energy

=Difference is quantified by QF _ .
W of electrons and ions in gases prev. studied for dosimetry
=Comparing asymptotic electron W-value and W(E) for ions, get QF

W [eV]

ICRU Asymptotic

o e  [5] o H*[4]
o e” [6] H* [8]
o e [14] o H* [9]
o e” [18] = H*[10]
o H* [1] o H* [12]
o H" [2] o H* [13]

=
o
N

do 0 10.000000. .+ e

] CHa

1 Ar

36.5-
27.34
34.84
26.44
33.0-

0.7 38.0=
0.6 27.90=
0.7 34.915
-0.5  28.52
0.7 33.02=

24.04

0.8

- 0.01

-0.17
-0.6
-0.12

0.5 26.4=

=0.5

{ Astropart Phys. 141 (2022) 102707

W-Value [eV]

=
o
w

AA
o AAA% ﬁ
E%Eﬂn-nnz;:mm. .

Voo 2 990 90.000

] C3Hg

A C*[3] v NZ%I[1]
a C*[13] a O*[1]
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%?W—value: Average energy required to produce electron-ion pair
“?W different for electrons and ions, and varies with energy

= Difference Is quantified by QF
W of electrons and ions in gases prev. studied for dosimetry

=Comparing asymptotic electron W-value and W(E) for ions, get QF

] H> W, . ] CHg ] Ar g ST S A o NS P Y S AN ST PN SO
o e 5] o H[4] | | ¢ Astropart.Phys. 141 (2022) 102707
103 - o e~ [6] H* [8] e A DB SIS St ISl AR ratiosint ey
: o e~ [14] o H* [9]
o e~ [18] = H*[10]
o o HT[1] = H™ [12] 1.2 1 H> ¢¢¢¢¢ LR
9 o HY o HF *
102 | § 2 o e, 10 - ¢ e
_ ] x o H* [3] k% A Pias
1 oo o +
E .................. R T TS o _Qme:;?fﬂ%:;%m 0.8 i p'i// SRIM
Q T /. Measurements ——-H"*
= 06 1 7 W N et
>I N> CO, = H¥ [1] & He™* [2] CsHsg A CT[3] v NI[1] ’, Ht Y NE s N+
= = HI [9] 4+ He" [3] 4 C*[13] 4 O*[1] _ 0.4 - . Hi N Ci -
3 o HY [1] + He* [8] v N*[1] + Art [8] o) 3
10 o HE[O] 4 He* [9] O N* 2] % A (] "g 0.2 - + Het A OF .._.O++
+ He* [1] + He* [13] v N* [3] '-'c-» 0.0 Ogjst: 3.9% Ar Ar
. £ - -
102 _ % +'|' v _ 4 o _LC)
] v ] AA ] ° C
K -!cq'- +++ %v °°q,% n:!bc. AAA%Q ° R Q
: ................... s, eo-o“ﬁﬁmm ............. X090 Q9.000 oo.omnﬂ.nﬂz;&%ﬂ. koq’m ...... an%ﬁh TE‘.‘?.F!..F. ;;ﬁiﬁ' 8
1071 10! 1071 101 1071 101
Energy [keV]
e Extends QF knowledge in NEWS-G
gases beyond current measurements!
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Quenching Factor Estimates: W-Values

Gas W [eV]
ICRU Asymptotic
Ho 36.5£0.7 38.0£0.8
CH4 27.34+0.6 27.90+ 0.01
No 34.840.7 34.91+0.17
Ar 26.4+0.5 28.5+0.6
COy 33.0+0.7 33.0240.12
CsHg 24.0+0.5 26.4+0.5
C100 100 107 10° 1077 10° 100 102 10°
Energy [keV]
10/07/2025
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SPC Applications: Neutron Spectroscopy

4pBackground measurements for rare-event searches
#pMedical and industrial applications
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SPC Applications: Neutron Spectroscopy

4pBackground measurements for rare-event searches
%%Medlcal and mdustrlal appllcatlons

»%BHe and BFs: expensive, toxic, fast-neutrons thi through moderation
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SPC Applications: Neutron Spectroscopy

4pBackground measurements for rare-event searches
#pMedical and industrial applications

43He and BFs: expensive, toxic, fast—neutronsrough moderation
4SPC as neutron spectrometer with N, gas

14N + n - 14C + p + 625 keV
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4pBackground measurements for rare-event searches
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YrKinematic matching: low-mass targets are favourable for light-DM detection by nuclear recoils
YpLight targets have favourable quenching factors
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NEWS-G Results
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Helium (He) Neon (Ne) Methane (CHj,)

Basis: aug-cc-pV5Z Basis: aug-cc-pV5Z Basis: 6-31G(d,p)
Tot. energy [au]': —2.8616 Tot. energy [au]’: —128.5467 Tot. energy [au]’: —40.2016

DM-Electron Scatte

Orbital Iygp [eV] Iexp [eV] Orbital Igr [eV] Iexp [eV] Orbital Igr [eV] Iexp [eV]
152 24.98 24.6 2p°  23.14 21.7 1tS 14.80 13.6
2s*  52.53 48.5 20  25.66 22.9
1s*>  891.79 870.2 lai  304.96 290.8
Isobutane (C4+H1o) Xenon (Xe)

Basis: 6-31G(d,p) Basis: Jorge-QZP
Tot. energy [au]’: —157.3123 Tot. energy [au]': —7229.7195

Orbital Iur [eV] Iexp [€V] Orbital Iur [€V] Iexp [eV]
6as  12.34 11.13 5p° 1245 12.7
5e? 12.44 11.75 582  25.54 23.3
molecule Anode 12  13.86 12.85 4d°  75.72 68.5
4et 14.54 13.71 4p°  163.56 146.1
Drift 3¢’ 16.04 15.03 45  212.69 213.2
region 5a2  17.15 15.91 3d' - T11.26 682.7
4a3  20.62 18.58 3p°  958.02 971.4
2¢*  25.17 21.83 3s>  1087.7 1149
Grounded 3a3  29.44 24.83 2p°  4839.8 4947
shell 2a7  305.01 — 25  5132.0 5453
le*  305.01 = 1s*> 33321 34561
lai  305.30 —

TABLE I. A summary of the most pertinent details from our PySCF calculations. In the second and third rows, we give the
basis-set used and the total converged energy in atomic units (au) for each atomic or molecule species. The values Iyr and
Ioxp give the ionisation energy in eV from the PySCF Hartree-Fock calculation and the experimental value from refs. [105-108],
respectively. The superscript in the orbital name gives the number of electrons in that orbital. For isobutane, we do not have
a reference for the ionisation energies of the inner core orbitals (denoted by —). Following ref. [107], we group the isobutane
orbitals into three categories: the outer valence orbitals (6a1, 5e, laz, 4e, 3e, 5a1), the inner valence orbitals (4a1, 2e, 3a1), and
the core orbitals (2a1, le, 1a1). The large number of orbitals (and therefore number of electrons) in isobutane with ionisation
energies less than 30 eV is much higher than in the other species.

I To provide for a more straightforward comparison of the total energy with other computational approaches, we quote the
total energy in atomic units, where 1 au = 27.211eV.

L Hamaide and C McCabe Phys.Rev.D 107 (2023) 6. 063002
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