Pushing Neutrons Calibrations to (even) Lower Energies
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Foundations

Goal:

Produce a nuclear recoil of
Known energy.

Primary strategy:

Given a neutron of known
energy, tag its scattering angle.
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Foundations

The natural energy scale of neutron
production is ~MeV.

MeV-scale neutrons have been pushed
to their natural limit (by LUX and others)

few-degr
ew-degree few-hundred-
angular .

. eV energies
precision

To probe Erecoil <100¢€V,
aim for En<10keV

Deposited Energy [ eV ]

10° | - "101 | | - HZ'I.OZ
Neutron Scattering Angle [degrees]



Foundations

The natural energy scale of neutron
production is ~MeV.

MeV-scale neutrons have been pushed
to their natural limit (by LUX and others)

few-degr
ew-degree few-hundred-
angular .

. eV energies
precision

To probe Erecoil <100¢€V,
aim for En<10keV

Deposited Energy [ eV ]

n
g
d
.
.
.
.
.
B . .
B . .
. . -
o o* o
. . o
.
.
. . © .
B B K e o
. B o . aes
10 - - o . .s
. . . .
= + v 0
] B . e 3 .
o . . ot o o
1 B . . +° . . .
. B . .
1 S R
*
K
o —
o n
B
.
K
.
. B
. K
. .
. K
O .
.
B . .
o o .
. B .
. B .
. B B
b B B
- -
.
] 3
.
4 .-
.
I I
b
.
ot .
JEANRS o* . .
y - I
.
.
K
ot
LR
RS
R . - -
R ot o* ° .
b 00 . o o
.
o e
e .
o .
e .
e, B
. .
10 - -
.
1 .
.
1 .-

10° ' - '101 | | o | '102
Neutron Scattering Angle [degrees]



Foundations

Erecoil meV eV keV
Eneutron eV keV MeV
Time-of-Flight iIncreasingly useful increasingly difficult

Tagging method

Talk Outline:

capture (slow, pys-scale)

Non-monoenergetic
pulsed sources
(moderated/filtered/
reflected)

scattering (prompt, ns-scale)

Monoenergetic Sources

'------------------~

(b, n) beams

DD & DT

(¥ , n) sources
generators

NR from 7 emission

" filtered/reflected DD/DT

QO m m =




proton beams and (p,n) reactions

target
proton beam | neutron beam
> >
(tunable)

Typically a tandem van der Graaff generator
onto a Lithium target: 7Li(p,n)

Well-demonstrated at TUNL, PTB, ...
Long and growing literature of beautiful calibration results!

How low can we push En?
7Li(p,n) cross section starts fa|||ng bellow ~70keV. . 51V(Ip,n)l CII‘OSS| sec[tlon J.H. Gibbons et al Phys. Rev. 100, 167 (1955)
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A possible future path: 51V(p,n)
Advantage: emission resonance at 4.8keV.
Under investigation at U. Montreal
Resonances recently re-measured.
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PhOtO'nQUtron sources 9Be(7 ,n) 8Be Cross-section

target -
gamma source neutron
> >
. [mb]
(radioisotope)
Typ|Ca”y a Be target: gBe(y ’n) 1?66454 1{7 1!8 2?0 2!5 3?0 4.0

Etn Gamma Energy [MeV]

Also a long history of beautiful calibration results,
A. Robinson, arXiv:1602.05911

including from yesterday!

Isotope t1/2 E, a; ES™ to ®Be g.s. Neutron yield
(keV) (%) (keV) (2_; @ioi) (mb)
58Co 70.86(6) d  1674.73 0.517(10) 9.05 0.00584(24)
124g}, 60.20(3) d  1690.97 47.57(18) 23.47 0.672(18)
2090.93 5.49(3) 378.68 0.0145(6)
How low can we pUSh E.? Others 0.00254(4)
. . . Total 0.687(18)
Limited to list of available gamma sources... 105Ry 444(2) h  1698.17 0.0766(9) 29.86 0.00109(3)
1721.15 0.0299(3) 50.27 3.93(14)x10~*
Others 1.6(5) x 107°
Total 0.00156(5)
206Bj 6.243(3)d  1718.7 31.9(5 48.10 0.424(16
1245b (Eth +23.5 keV) and 88Y (Eth +152 keV) @ 1878.65 2.05(21) 190.15 0.010&2()26)
stick out as the lowest-energy practical sources. Qthers YR
65N 2.51719(26) h  1724.92 0.399(12) 53.62 0.00513(23)
A1 2.245(2) min  1778.99 100 101.64 0.909(19)
88y 106.627(21) d  1836.06 99.2(3) 152.33 0.646(7)
2734.0 0.71(7) 949.8 0.0042(5)
3219.7 0.0070(20) 1381.1 3.6(11) x 1077
Total 0.651(7)

I . 380] 37.230(14) min 2167.40 44.4(9) 446.58 0.101(5)
Main challenge: gamma backgrounds | noneT A 38(3m) x10-¢
The gamma source must be very ‘hot’ to achieve a Total 0.102(5)

Ga 14.10(1) h  1862.00 5.410(18) 175.36 0.0309(4)
i - 2201.59 26.87(12 476.95 0.0585(25
useful neutron flux. Classic catch-22. Sty 176.95 o)
2507.72 13.33(6) 748.82 0.0318(14)
Others 0.033(4)
Total 0.172(6)

Gamma shielding introduces neutron moderation
and simulation uncertainty. 7



Snell et al. (1950) ——

P h OtO - n e UtrO n SO U rCGS 9Be(7 ,n) 8Be Cross-section

2 — John and Prosser (1962) —&—
Fujishiro et al. (1982) ~—=—

target -
gamma source neutron

> > b
(radioisotope) bl

Typically a Be target: 989(7 ,n) 1?66454 17 1.8 2.0 25 3.0 4.0
= Gamma Energy [MeV]

Also a long history of beautiful calibration results,
A. Robinson, arXiv:1602.05911

including from yesterday!

Isotope t1/2 E, @; ES™ to ®Be g.s. Neutron yield
(keV) (22; @i0i) (mb)

124} 60.20(3) d 23.47

2090.93 378.68 0.0145(6)

How low can we push E,? Others 0.00254(4)
Limited to list of available gamma sources...

0.672(18)

124Sb (Etn +23.5 keV) and 88Y (Eiwn +152 keV)
stick out as the lowest-energy practical sources.

88y 106.627(21) d  1836.06 99.2(3) 152.33 0.646(7)

2734.0 0.71(7) 949.8 0.0042(5)
3219.7 0.0070(20) 1381.1 3.6(11) x 107°
Total 0.651(7

Main challenge: gamma backgrounds
The gamma source must be very ‘hot’ to achieve a
useful neutron flux. Classic catch-22.

Gamma shielding introduces neutron moderation
and simulation uncertainty. g



124SbBe photoneutron + Fe shield

A remarkable coincidence

1245bBe neutron energy . 23.47 keV

Fe n-transmission resonance : 24.54 keV
~24keV —
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124SbBe photoneutron + Fe shield

A remarkable coincidence Concept:

~20cm Fe, similar to the neutron mean free path

124SbBe neutron energy . 23.47 keV
Fe n-transmission resonance : 24.54 keV Fe provides efficient gamma shielding (124Sb: 1.7 & 2.1MeV)
Fe transparent enough to neutrons to serve as collimator
~24keV B
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124SbBe photoneutron + Fe shield

Designed, assembled, and .... working! (at McKinsey group, UCB)
124Sb activated at Davis reactor to ~1GBq

Ongoing multi-pronged characterization (Nal, 3He, Hz prop. counter, LS...)

11



124SbBe photoneutron + Fe shield

Designed, assembled, and .... working! (at McKinsey group, UCB)
124Sb activated at Davis reactor to ~1GBq

Ongoing multi-pronged characterization (Nal, 3He, H> prop. counter, LS...)

H2 Proportional Counter Spectra (preliminary)

port
{ open ~24keV
H-recoil
1077 7 port endpoint
open, plugged
| LS-tagged
Rate
[Hz] ;
o
I
iplugged, I
LS-tagged
107 . . .
0 500 1000 1500 2000 2500 3000 3500 4000
Raw Pulse Area [V ns]
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CRAB calibration effort

Setup
1 Well-collimated beam 2..trli)et.ec?tolr hglcci;er t 3. Ggmma tagging of
of thermal neutrons with minimized Cu etc. specific gctlvatlon decays
vy (passive materials which (large solid angle BGO

(TRIGA reactor in Vienna) . L
can also activate and within cryostat)
produce gammas)

monochromator -

Detector

Thermal neutron peam (to be calibrated)

/. \'\\
: Dilution Gamma

Low-power research reactor fridge detector

Detector crystal

Neutron Capture Radiative Decay
Result

Neutron capture of target material, with decays gamma-tagged.

Nthermal +

Gamma emission results in low-energy monoenergetic NR.

Nuclear recoil ‘

link 13 | B 2Moscess |


https://indico.cern.ch/event/943069/contributions/4104010/attachments/2145851/3616893/CRAB_Lhuillier_Mag7s2020.pdf

CRAB calibration effort T
BGO detector i
N il
Clean tagging of monoenergetic recoils Bolometer_ R | H,I1 [l |
at interesting energies N g H111)
il
examples: 1 fli'u ‘ r—_
182W : 112.5eV (6.2 MeV gamma) [ HE -
188\ : 85.8eV (5.8 MeV gamma) J it LA
0Ge: 416.2eV (7.4 MeV gamma) Thermal neutrons a st 8
74Ge: 303.2eV (6.5MeV gamma) from TRIGA reactor il 1| [HTHH
In TU-Wien

Tantalizing possibilities:
-still sorting through all possible peaks in detector materials
-additional useful peaks via triple coincidence (two gammas) Sim:

-gamma records direction of NR... — Total 0.769g
100 :_.. o Multl_'y .........................................
_ _ _ - e Multi-y=2 | ]
CRAB plannlng for flrst measurement In 2023 > 80:.. : ................. .................................... .................
o | ; '
(real data, but waiting gamma-tagging) O ol L ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
arXiv:2110.02751 IR :
20:_ : vvvvvvvv en ____________ S N
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https://indico.cern.ch/event/1075677/contributions/4558406/attachments/2324539/3959117/Thulliez_CRAB_poster_MagnificentWorkshop_20211007.pdf
https://arxiv.org/abs/2110.02751

DD/DT generators

A beautiful MeV-scale _1E dt 3
technology: _ E :
-monoenergetic }‘% - ;
-pulsable (~1ps) i J
-portable £ wl |l ]
-affordable E‘i §f_lr——__ﬁ b+t
)] \ ]
1|:|'5- \ | | ‘ l Ll
1] 5 10 153 20

Two ways to bring the energy down, while retaining the pulsed monoenergetic nature:

1) Scatter off known nucleus at known angle 2) Moderate, then filter

Active H-reflector

Scandium
10 — 100 keV PR U B

TO - _8 ]

detector 0 ~82° 5 10—
LAB B :
? _
g l()l)—g
DD S :
source 1()_1_:

(offset) 0t 10 100 102

15 Neutron Energy(keV)



Reflected DD neutrons

Championed by Gaitskell Group at Brown. 0 =141+11°
To 350 t 40 keV HE— f
- < - | D-Reflect
(for LZ context, but of general utility.) detector G J31e5ec o
DD
. . Steel source
A single scatter at a known angle ‘downshifts’ housing (offset)
monoenergetic DD neutrons to a tunable lower
energy.
Developed two reflectors for different energy
regimes: .
Active H-reflector
Deuteron-reflector for ~350 keV v
H-reflector for for <100 keV 10 — 100 keV
To <
detector .
i : Pt : 0 ,p~82
Reflector material can be active scintillator, tagging
the reflection event and starting a ToF clock.
DD
Requires significant shielding to avoid direct path. source
(offset)

=

16


https://indico.fnal.gov/event/46746/contributions/210532/attachments/141104/177583/2021_CPAD_--_Low-energy_Neclear_Recoil_Calibrations_in_the_LUX_and_LZ_Experiments.pdf

=

Reflected DD neutrons

data!

D-reflector demonstration at Brown:

Reflector is D-loaded EJ315 (instrumented)
Fast (4ns) scatter timing resolution

Time of flight measurements permit per-neutron
energy reconstruction (assuming fast target detector)

Events/keV/108 n fired iso

0.04

4E7 n/s total DD flux becomes 5 n/s in 350keV peak
at target detector (2.6m path)

| 77%+3%\
within 260-440 ke R

200 400 6(']0 800
ToF-measured neutron energy [keV]

0.00

D-reflector (EJ315) \7

target det.
(EJ301)

~ _ water tank + n conduit
m

17



https://indico.fnal.gov/event/46746/contributions/210532/attachments/141104/177583/2021_CPAD_--_Low-energy_Neclear_Recoil_Calibrations_in_the_LUX_and_LZ_Experiments.pdf

=

Reflected DD neutrons

H-reflector demonstration at Brown:

Forward scatter produces <100kev neutrons.

Again an actively-instrumented reflector, and
again ToF permits per-neutron energy
reconstruction (assuming fast target detector)

Optimized H-Reflector Spectrum down conduit (sim)

(No public data yet.)
1 4 Ii)::ia:;t;’ i:cy:tr;grinScatterReclShlftl.S_pt
| o 12
Active H-reflector @
T 10
10 — 100 keV =
TO < coC 8
detector ) S 6
0, \5~82 E
S 4
DD 2
source 0 ' ' ' Bin width=5.0
(offset) 0 50 100 150 200

KE reaching end of conduit [keV]
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https://indico.fnal.gov/event/46746/contributions/210532/attachments/141104/177583/2021_CPAD_--_Low-energy_Neclear_Recoil_Calibrations_in_the_LUX_and_LZ_Experiments.pdf

Moderated/Filtered DT neutrons

Championed by Hertel Group at UMass.
(Rest of talk largely work of my student Pratyush Patel)

In SPICE/HeRALD context, but is of general utility.

1. Many scatters moderate 2. Materials with special neutron transmission

neutrons to the keV scale energies filter the moderated flux.
E;
MeV
Eneutron
Es

» N

keV

moderator filter

position

19



Moderated/Filtered DT neutrons

Can be made more efficient by...

1. Starting with DT at 2. Using an ordered sequence
14MeV, which allows of tuned moderators with
initial moderation via n,2n tuned low-energy cut-offs

high-energy
moderator

MeV
n,2n

i med-energy
material

moderator

--------------------------
-----------------------------
---------
(1)

s filter material

‘e
.
3
‘e
.

Eneutron

(long mean free path)

.t
---
.

-

keV

[]
....
LI
e,
L1

position

20



Crossection [barns]

Moderator/Filter... step 1

= 10" - i
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1 10 100 1000
E [keV]
10% 4
10" - /./"‘— 'Q'\.\.\
— Ph208 Total I
—-= Pb208 (n,2n) '
1079 DD ,
— DT

10"
Energy MeV

U |
10!
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DT reaction cross section
much higher than DD

(more neutrons per pulse)

Pb first stage

Above 7MeV, allows efficient
moderation and flux-enhancment
via (n,2n) reactions



Moderator/Filter... step 2: tuned moderators

10°4 F19
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W A
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Fluental link

We are working with hot

isostatic press (HIP)

companies to form the Al/F.

22

Al and F: Complementary resonances

Together:
>30keV : neutrons scatter and moderate
<30keV : neutrons have long mfp



https://www.osti.gov/servlets/purl/775126
https://www.osti.gov/etdeweb/servlets/purl/20871672

Moderator/Filter... step 3: filtering

10°4 F19
A
'y
I n 4 ’
- - JI"‘ ._//”\ /;’ \\\_/“-L\‘K}\“L
= Al and F: Complementary resonances
S Al27 L
c | - | N M .
s 10 | n lll ) ',
— - ! . "
B NAY \-’\H"JP b
Qe K .
I e T / v |
e —~— 4/ .
“ JAI/F Mixture .
a0 ] “Fluental” Mixed together:
g 10" >30keV neutrons scatter and moderate
S i <30keV neutrons have long mfp
Nat Fe
10! “dump” neutron flux at the 24 keV
transmission resonance of Fe
lllll | | I llllll | | I ll'lll.,) I I I llllll.
10" 10! 10? 107

Energy [keV]

Fluental link
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https://www.osti.gov/servlets/purl/775126
https://www.osti.gov/etdeweb/servlets/purl/20871672

Putting the pieces together:

10*

Pb

10°

102

10

Neutron Flux

II|III| T TT1T I|I| I IIIIIII| I |||||II| I IIIIIII|

10*

-
-
o
-
R
-
1S)

Simulations show each step performing its role.

Sufficient flux and excellent resolution.

Neutron Flux

Neutron Flux

En [keV]

Neutron Flux

24



Sc filter (2 keV)

The scandium filter benefits from an
additional stage of tuned-moderation.

| AIF
Al/F mixture

10" 3 (complementary resonances above 30keV)
gy
5 J
© .
=,
< Ti
5 10t 4 o
2 Titanium
UQ (large scattering cross-section near 20 keV)
0 10711
£
d.)
T 102+ Sc
(Vp)

| Scandium
10" 4 (narrow anti-resonance feature at 2keV)
lllll I ! lllllll | | lllllll ! ! LI

10" 10! 102 10°

Energy [keV]
25



Sc filter (2 keV) .

10°

Pb

102

Simulations again show each step performing its
role.

10

Neutron Flux

II|III| T TT1T I|I| I IIIIIII| I |||||II| I IIIIIII|

Flux is more of a challenge, but sufficient.

10*

-
-
o
-
R
-
1S)

Sc roughly $30,000 /kg, and roughly 1kg needed.

Ty | S .............................. ........ ......................... .

Neutron Flux

= L . :

F . .

F L . =l

20_ ......................... .............................. ......................... 104

s . . a

10°
S [o] E—— . e

Neutron Flux [arb]
IIIIIIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

10°

10

Neutron Flux

20

2 keV

En [kGV]



Sc filter :  shielding and backing detectors

DT/moderator/filter assembly Simulations of entire calibration process (in 4He)
requires bulky shielding

-clean peaks at 10s to 100s of eV
(options: poly, water, concrete) -sufficient flux/stats

DT : .. Backing Detectors
(6Li capture-based)

Simulated 107 DT pulses

50 degree
—— 27degree  tagged

— 16degree by ring
— 9.5 degree

8

water
shield

8
T

Sc s s
Ti target

3
T]TT

g
] LI

Pb Al/F

counts/bin [variable bin size]

1 10 102 103
Deposited Energy in 4He [eV]
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Transitioning from monoenergetic sources to time-of-flight

We have hit the end of mono-energetic
neutron techniques.
(till we get to wave-like neutrons... )
>
()
But don’t despair! 5;
)
c
Things get EASIER for En<1keV, S - s ‘I
2]
thanks to TOF: o | .
8 10° i
-Neutrons are slow Wrapping up... I
(energies are distinct) e e !
10-1 : 1
- Capture-based det. fast and efficient gy .
10° T 10! | 102

Neutron Scattering Angle [degrees]

28



Transitioning from monoenergetic sources to time-of-flight

We have hit the end of mono-energetic

neutron techniques.
(till we get to wave-like neutrons... )

But don’t despair!
Things get EASIER for En<1keV,

thanks to TOF:

-Neutrons are slow
(energies are distinct)

- Capture-based det. fast and efficient

102 | 1__: i

[us] | | ||

101 —

29

neutron Time of Flight (2m distance)
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An encouragingly simple ToF measurement

Klein et al 2021 arXiv:2012.03937
5% BORATED HDPE TARGET ENRICHED €L
SHIELDING .- cd FoIL G520 GLASS
DT TUBE ‘ MODERATOR Pb
SHIELDING

B,4C SHIELDING

DT Generator

‘ 2.6m

Moderated by HDPE (several cm) 1 L

2.6m distance from target

from DT PULSE
GENERATOR

CHO CH1  HV [H— to PC

- DIGITIZER -
NEUTRON ENERGY (eV)
7 250 100 50 25 10 5 2
6|
Moderated neutrons passes through Lok
sample, capture rate recorded in 6Li-glass 2 4 ...
o3 ML .
% o - LA e s'-'.. O _..'-‘ - -
rate vs ToF data becomes... 8 y R N
. transmissibility vs En . AR SIENL
/ — Cd (3.0 mm)
107 — W (3.5 mm)
u ' —— Ag (0.25 mm)
_— I — maimm
En well-resolved in “our” energy window £ w0 )MY 1| LZ& R
101 RH’J&’/ Wil e & S S O — —
o A e — -
20 30 40 50 60 70 80 90 100 150

TIME (us)
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https://arxiv.org/pdf/2012.03937.pdf

Optimizing our DT moderator for ToF

The only complexity in our case:

we need to tune the moderation.

(We can not accept >1 target scatter per DT pulse, so
each neutron must ‘count’)

For a ~2m distance and ~1pus timing resolution...

...Our goal would be to push nearly all neutrons
to a <100 eV window.

s~1us
duration

Velocity [cm/us]

10 102 10°
I 1 1 IIIIIII 1 1 IIIIIII

10

2m ToF >10us | 2m ToF < 10ps

the ideal
spectrum
for ToF

________
- =] 2
5 2

.....

1073

3

102 10 1 10 102 10° 10*



Optimizing our DT moderator for ToF

The only complexity in our case:

we need to tune the moderation.

(We can not accept >1 target scatter per DT pulse, so
each neutron must ‘count’)

=~1us

i ! ' )
[

h b N i1} |
Vv,
il il i - -
il
III 1] III

aptur

For a ~2m distance and ~1pus timing resolution...

...Our goal would be to push nearly all neutrons — AL :
to a <100 eV window.

Velocity [cm/us]

10 102 10°
1 I 1 1 IIIIIII 1 1 IIIIIII

Appears doable.

= 2m ToF >10ps om To,: < 10“3
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Summary

DM and cevns detectors fast progressing;
neutron technologies need to keep pace.

Entering “awkward window” between
high-energy and low-energy.

Many creative ideas, not clear the winners
and losers yet.

Possibility of pairing reflectors/

moderators/filters with any source:
Filtered (p,n) source ?

H-reflected 124SbBe source ?
Sc-filtered H-reflector DD source 7?
etc etc

I’'m sure there are many great ideas not
yet thought up.

Erec <100 eV Erec ~ 100 eV keV < Erec
Easy Challenging Easy
En: Can be ‘white’ flat spectrum En: MeV
Source: Simply moderate “whatever” Source: Many great options
Backing Det: Prompt & efficient capture Backing Det: Prompt scattering

En: keV-ish mono-energetic
Source: Not many great options

Backing Det: Capture (but can be slow)
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