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| Nuclear Fission of 23°U

» Because neutrons are
emitted in fission, a
self-sustaining chain
reaction is possible.

» A reactor is critical if esion, |
exactly one neutron
from fission induces NEUTRON CROSS-SECTIONS FOR FISSION OF URANIUM AND PLUTONIUM
another fission. "

» 200 MeV/fission is
deposited in the core
(3.1x10'°
fis/sec/watt).

» Slow neutrons are
much more likely to ” , o | , .
cause fission. 3 o O
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Thermal Reactor Components

Control rod

1. Fissile fuel material, such
as 235U, only 0.7%
abundant, or 239Pu.

2. Moderatorto slow
neutrons (D,0, H,O0,
Graphite)

3.  Control Elements (Cd, B)
Reflector, Shielding,

Coolant, Neutron source
and detectors

Moderator

Fuel rod

The fission fragments stay in the fuel and are the source of the
decay heat generated long after shutdown!
Xe-135 has o, ~ 10° barns, enough to prevent operation.




NIST Research Reactor History

» Designed in the 1960’s, and included a
beam port for a cold neutron source.

» NBSR First Critical, December 7, 1967.
» 10 MW until 1985, 20 MW since.

» Cold Neutron Facility Development:
> D,0 Cold Neutron Source installed, 1987.
> First neutrons in the guide hall in 1990.
> LH, Source installed September 1995.
- Advanced LH, CNS, Unit 2, installed 2002.
- NCNR Expansion Project - 5 more guides.
- “Peewee” CNS installed 2012 in BT-9.




| Reactor Core Characteristics:

» High Enrichment** U Fuel: 93% 23°U;04 + Al
» D,O Coolant, Moderator, Reflector

» 30 fuel elements
> Fuel cycle 38 days

- Load 4 fresh elements, reposition the others
- 350 g U-235 in fresh FE

» Peak Flux: 3.5 x 10'* n/cm?/sec

» 9 radial thermal neutron beams

- mid-plane (un-fueled region) => thermal flux
trap

o ~1.5x 10" n/cm?/s at thermal BT’s
» 5 “rabbits” and 10 vertical thimbles for

sample irradiations
** Need to convert to LEU (U-10Mo) when fuel is qualified.




| Cut-away View of the NBSR Core
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| The NBSR was designed with a 55-cm diameter
cryogenic beam port for a D,O-ice CNS.

History:

1. D,O Tank (1967)

2. D,0O Ice (1987)
with gain 3-5

3. Unit 1 LH, (1995),
gain ~ 6

4. Unit 2 LH, (2002),
gain ~ 2




| Production of Cold Neutrons

» The neutrons born in fission have an average
kinetic energy of about 2 Mega-electron volts, 2
MeV.

» They are slowed to thermal energies (20 - 400
milli-eV) by scattering from the molecules of the
heavy water (D,0) moderator in the reactor. The
D,O is about 115 °F, or 320 Kelvin.

» In thermal equilibrium, the neutron energy
spectrum is determined solely by the temperature
of the moderator (a Maxwell-Boltzmann
distribution), analogous to the motion of atoms in
an ideal gas.

To reach lower energies, therefore, we introduce a
cold moderator, such as liquid hydrogen at 20 K.




Effect of an Ideal Cold Moderator on the
Neutron Flux Energy Spectrum

The Maxwell-Boltzmann energy
spectrum is

®,(E) = [C /T3/2] E exp (-E/KT)

In the limit of E — 0, the
maximum theoretical gain of a
cold source at 20 K with respect
to a thermal spectrum at T, =
315K is:

Gain(E—0) = [Ty/T]3/? = 62.

> The LH, source had a maximum
gain of about 40.

- “Effective” temperature is about
38 K, limited by neutron capture

Cold vs. Thermal Neutron Energy Spectra
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Original Plan View of NBSR
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For the first 20 years, there
was NO cold source!

CT thimble filled by a D,O tank,
with BT’s along CTE and CTW.

CTW
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CTE

CTE and CTW are
NOT radial beam
tubes.

They intersect at the
point of the planned
CNS, far from core.

This geometry
Imposes CNS
design
constraints!!




| NBSR Designed for a D,0 Ice Source

» 16 liters of ice at 30-35 K
» A Lead/bismuth shield

(water cooled) required to MODERATOR CHAMBER
reduce nuclear heating OUTER PLUG
»  Optimum source BISMUTH TIP — \ ] LU A — e ——

contained ~8% H,O0 (ice) y
» Operated from 1987 to

343 CM
1994 559 CM |
» Operational difficulties:
Unpredictable stored =
energy releases from 87 CM /
recombination 178 CM — INNER PLUG- = &~

NEUTRON GUIDES

Every 2 days, we had to
“burp” the cold source!

Gain Factor ~ 3




The LH, CNS, Unit 1, installed in 1995, had
a gain of 6 times the D,O source
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Thermal-hydraulic tests with LH,
conducted at NIST Boulder.

» New refrigerator - 3.5 kW!

» To fully illuminate the beam
orts, the source had to
ave a very large area.

» A 320-mm spherical

annulus, 20 mm thick, with
a 200-mm diameter exit
hole was chosen:

- Low heat load (850 W)

- Ease of fabrication. Material:
Al 6061-T6

- Composed of concentric Al
spheres (5 liters of LH,)

- Hydrogen vapor filled the
inner sphere, which was
open at the bottom.




Liquid Hydrogen Moderator Heavy Water Coolant

Hydrogen Vapor Unit 1 had too much
empty space next to the
reactor core.

Vapor in the inner sphere
scattered cold neutrons from
the beam.

Much more D,O in Unit 2

results in a higher neutron
Heawwatercoolane~ TIUX 1IN the CNS region and
the adjacent fuel elements.

Hydrogen Cryostat Unit 1

Liquid Hydrogen Moderator
Hydrogen Vapor

32 x 24 cm ellipsoid allowed
more D,0O and a thicker LH,
annulus.

Gain ~ 2 (2002)

MY Advanced Hydrogen Cryostat
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| The liquid hydrogen cold source is passively

safe, simple to operate, and very reliable
Liquid Hydrogen Thermosiphon

» A thermosiphon is the simplest
way to supply the source with - N

2 ‘/’,/ B HeOut,———— = Heln

- Cold helium gas cools the | | I T
condenser below 20 K. Ballast Tank

- Hydrogen liquefies and flows by
gravity to the moderator chamber. (2000 Liters) L

- Vapor rises to the condenser and a e YW
naturally circulating system is Hydrogen
established. Condenser

» The system is closed to minimize
hydrogen gas handling.

» All system components are
surrounded by He containments.

Vacuum
Pump

‘i Moderator |\
| Ch b ,‘—' I:l Insulating Vacuum
\ amber |/
y 4 |:| Helium Containment

I:I Hydrogen Vapor
- Hydrogen Liquid
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Insertion of Unit 2 Cold source — November 2001




| Existing LH, CNS, In-pile Guides as of April 2011

(now has inpile
piece for new
guides)

= &> &
4 I '/ CTW Beam Port




A second LH, source has been installed in BT-9
as part of the NCNR Expansion Initiative

» 5 new guides have
been installed for the
guide hall expansion.

» MACS has moved to
BT-9 and has its own
small LH, source.

» “Peewee” : 11-cm ID,
and a 0.5-1 volume.

» It has a gain of about
1.7 over Unit 2.

» MCNP code used to
estimate performance
and heat load.




Side View of BT-9 Cold Source

o

Heavy Water

Inert Gas |
Blanket (He) |

Insulating
Vacuum

Peewee:
14.6-cm OD water jacket

It has its own H, tank, but the
condenser is cooled in parallel
with Unit 2.

Piccolo “phase separator”

Operating successfully since
April 2012.

Thermal-hydraulic tests of
thermosiphon used R-134.

Reference: IGORR 2009




Inpile Assembly

The plug provides shielding and
supports the cryostat assembly.

A diverging beam of cold neutrons
Is provided for MACS.




I CNS Team installed Peewee in BT-9 in September 2011.
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Future (20207): A large volume LD, Source is the
only way to increase the cold neutron yield

« 35 liters, much larger than D,0O
source, but there is ample
room.

* Heat load is 4000 W — getting
new 7 kW refrigerator.

» Support from DOE/NNSA as
mitigation strategy against LEU
flux loss.

« Much delayed by vendor
bankruptcy, unanticipated
costs.

* Average gain ~1.5, nearly 2 at
long wavelengths.




Conclusions

» The LH, cold sources at NIST have made
NCNR a world class cold neutron facility.

» By 2016, about 75% of experiments will use
cold neutrons.

» A LD, source is planned for 2020, to replace
Unit 2 (reference: IGORR 2013, Daejeon).

» Relicensed in 2009 for 20 more years!!

» Studies have been initiated for a new reactor
optimized for cold neutron production
(reference: IGORR 2014, Bariloche).




mce Layout with Liquid Deuterium Source
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Expected Gains with Respect to Existing LH, Source
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Replacement Reactor - Split, Compact Core

« Design optimized for
cold neutrons.

» Vertical, LD, sources
located in thermal
neutron flux trap
between cores

« 18 fuel elements, total

* U;Si, LEU fuel; H,0O
cooled

« 20 MW, 30-day cycle

« Build on NIST
Gaithersburg campus.

* Very preliminary
results available from
conceptual design.
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Preliminary Cold Neutron Performance of LD2 CNS in
Replacement Reactor
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« The cold neutron (A> 4 A) source brightness in the split core is
about 4 times that of the existing source (Unit 2) at NBSR.

« No effort has yet been made to optimize the source.




