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1. Overview

Neutron production mechanisms

A

Neutron producing mechanisms of significant yield are:

“harged-particle reactions, e.g., °Be @%We +n

(ou.xn) radioactive isotopes, e.g., 2Ra—o., a+*Be—1BC*—12C+n
Photoproduction, e.g., v+ ¥1Ta—180Ta+n, v +?H—-H +n
(nxn), e.g., °Be + n—*B* + 2n

Excited-state decav, e.g., BC*¥* 312C* +p, 130Sp** 31298 * + 1y,
Fission, e.g., *PU + n—>A* + B¥ + xn; <x>~2.5

Spallation, e.g., p + I#W >A* + B* + xn, <x>~

M Practical sources for scattering science
— Fission (reactor-based sources)
— Spallation (large accelerator-based sources)
— Charged-particle reaction (compact sources)




History of neutron source developments

1020 Carpenter & Lander, NN, 2010
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What is spallation neutron source?
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m High energy (~GeV) protons hit a heavy-metal target
B A proton “heats-up” the entire metal atom

M Energy released “evaporates” spallation neutrons

B 1 proton = 20 ~ 30 neutrons (high flux)

B Moderated to energies suitable for experiments

B5 MW SNS ~ 60MW high-flux reactor ~ 1x10%°n/cm?s
average neutron flux

B Number of neutron ~ proton energy (0.2 ~ 10 GeV)




Radiation scattering methods comparison

Electron, X-ray, laser Neutron scattering
scattering

) ’

Interaction is neutron-nuclear
B Interaction is electromagnetic Scattering length ~ 10-15 m
B Scattering length ~ 1019 m Penetration depth ~ 102 m

B Penetration depth ~ 10° m Sensitive to isotopes %4, Bk, &
B Not sensitive to isotopes FEUR (Y. IBEA. Bl IBIEWY)
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Neutron — a tailor-made probe

The ENERGIES of thermal neutrons are similar to the
gies of y itati in solids. Both
have similar
= molecular vibrations,
= lattice modes, and
= dynamics of atomic motion

Neutrons are NEUTRAL particles. They
= are highly penetrating,
= can be used as nondestructive probes, and
= can be used to study samples in severe environments.

Neutrons have a MAGNETIC moment. They can be

used to
F : t— 4 The WAVELENGTHS of neutrons are similar to
« study microscopic magnetic structure, 1T 1 i : Th
. La—t) P 9 ey can
+ study magnetic fluctuations, and F'g-=v4

 structural sensitivity,
« structural information from 107'3 to 10 ¢m, and
+ crystal structures and atomic spacings.

= develop magnetic materials.

Neutrons have SPIN. They can be

= formed into polarized neutron beams,
(7N “see” NUCLEIL
+ used 1o study nuclear (atomic) orientation, and A Neutrons “see They

= used for coherent and incoherent scattering = are sensitive to light atoms,

= can exploit isotopic substitution, and
= can use contrast variation to differentiate complex
molecular structures.

m\What do we need? More flux!




Types of high power accelerators

BCW facilities

— Driven by a high intensity proton cyclotron

—1.2 MW SINQ (PSI) driven by 590 MeV cyclotron
M Long (ms) pulse facilities

— Driven by a high intensity proton linac

—1 MW LANSCE (LANL) driven by 800 MeV linac

— (5 MW design) ESS (Lund) driven by 2.5 GeV linac
B Short (us) pulse facilities

— Driven by a combination of linacs and rings

— Partial energy linac and rapid-cycling synchrotron(s):

¢ |ISIS (RAL) driven by 70 MeV linac/800 MeV RCS
« J-PARC driven by 400 MeV linac/3 GeV RCS/50 GeV MR

— Full-energy linac and an accumulator ring:

¢ PSR (LANL) driven by 800 MeV linac/accumulator
1 MW SNS (ORNL) driven by 1 GeV linac/accumulator

1.1 Continuous-wave sources
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1.2 Long-pulse sources




ESS (Lund)

long pulse applications
to complement SNS,
JSPS, and ISIS

MEarlier short-pulse
| ESS (1.33 MeV linac,
double AR, 5 MW)
delayed & stopped
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ESS parameters

Frontend (NC) ! Superconducting linac Upgrade !
[SourceH Rrq | (T H SSR H TSR HEIIlptlcaI IHElllptlcal Z}Tmnsp;r;
75 keV| (3 MeV | (50 MeV |1] 80 Mev| | 200 Me\] | 660 MeV | | 2500 Mev i

28m 290 m ' 100m
System T Energy Freq. 3 Length
[K] [MeV] [MHz] v/c [m]
Source 300 0.075 - - 25
LEBT 300 - - - 1.1
RFQ 300 3 352.2 - 4.0
MEBT 300 - 3522 - 1.1
DTL 300 50 352.2 - 19.2
SSR 4 80 3522 0.35 233
TSR 4 200 3522  0.50 48.8
Ellipt-1 2 660 704.4  0.65 61.7
rms‘ Ellipt-2 2 2500 7044 092 1540




1.3 Short-pulse sources
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J-PARC in phases

Phase 1 KEK Portion Hadron Experimental
Faouy—l' i

Phase 2 3 GeV Synchrotron  Materials and Life
JAERI Portion (25Hz) Experimental Facility

Nuclear 1 Ii

Transmutation
Linac
(Superconducting)

50 GeV

Linac
Synchrotron i

ormal Conducting)

Neutrinos to
SuperKamiokande

— Phase 1 + Phase 2 = 1,890 Oku Yen (= $1.89 billions if $1 = 100 Yen).
— Phase 1 = 1,527 Oku Yen (= $1.5 billions) for 7 years.

— JAERI: 860 Oku Yen (56%), KEK: 667 Oku Yen (44%).

EEFHF 77 Spallation Neutron Source .
B ORTEEERLRESHE NMERETE, BHR14MLET(E
ADL), BRIEEA780AN, F2006F &Rk, BRIt R &ZRmAPFIR
TEEESNSREINF, SRR D RBH I E D

Front-End Building
Central / e

/ Klystron Building
Linac Tunnel

Frequency ==
Facility
Support
Buildings

Central Laboratory e - %% Nanophase
%y, and Office Complex s Materials




SNS budget (2004) %’%
May 2004 Nov 2004
Review Review EAC

WBS EAC ($M) (SM)
1.02 Project Support 75.1 72.7
1.03 Front End Systems 20.8 20.8
1.04 Linac Systems 316.8 314.0
1.05 Ring & Transfer System 142.4 144.0
1.06 Target Systems 109.0 111.5
1.07 Instrument Systems 63.5 63.8
1.08 Conventional Facilities 379.9 388.3
1.09 Integrated Control Systems 59.8 59.8

EAC 1,167.4 1,174.9

Contingency $ 25.3 20.8% 17.8 201%™

TEC| 1.,192.7 1,192.7
R&D 100.0 100.0
Pre-Ops 119.0 119.0
OPC| 219.0 219.0

TPC| 1.411.7 1,411.7

* Based on EAC and actual costs and awards through September 30, 2004

B F T B F 7B CSNS .

BRI RERSER - R
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1.4 Compact sources

ZE]LENS #MER AT
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Tsinghua University Compact Pulsed Hadron Source

Table 1: Primary parameters of CPHS

Proton power on target 16 kW
Proton energy 13 MeV
Average beam current 1.25 mA
Pulse repetition rate 50 Hz
Protons per pulse 1.56x10™ Protons
Pulse length 0.5 ms
Peak beam current 50 mA
Target material Be
Moderator type H,0 (300K),

CH, (20K)

MCost at $12M (w/o labor);

funded $3M

M3 year for phase |

BMECR source
BRFQ

EDTL
BRF(325 MHZz)
HBe target
BMSANS
HImaging
MIirradiation

14



A possible layout of 10,000 m?2 building
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2. Beam characteristics
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Beam characteristics

B Beam time structure

B Primary parameters
— lon species; Kinetic energy
— Repetition rate
— Pulse intensity; Bunch length
— Emittances

B Beam evolution parameters

Major SNS parameters

Proton beam power on target 1.4 MW
Proton beam kinetic energy on target 1.0 GeV
Average beam current on target 1.4 mA
Pulse repetition rate 60 Hz
Protons per pulse on target 1.5x10** protons
Charge per pulse on target 24 nC
Energy per pulse on target 24 kJ
Proton pulse length on target 695 ns
lon type (Front end, Linac, HEBT) H minus
Average linac macropulse H- current 26 mA
Linac beam macropulse duty factor 6 %
Front end length 7.5 m
Linac length 331 m
HEBT length 170 m
Ring circumference 248 m
RTBT length 150 m
lon type (Ring, RTBT, Target) proton

Ring filling time 1.0 ms
Ring revolution frequency 1.058 MHz
Number of injected turns 1060

Ring filling fraction 68 %
Ring extraction beam gap 250 ns
Maximum uncontrolled beam loss 1 W/m
Target material Hg
Number of ambient / cold moderators 1/3
Number of neutron beam shutters 18
Initial number of instruments 5

16



Time structure (linac)

L6.7 ms

ps —— =

2000 mid-pulscs

=— 300 ne— W] ne=——o0

2.5 ns 120 micro-pulses

CPisS

Macro-pulse

Mid-pulse

Micro-pulse

Time structure (ring)

L67 ms———

I s

Pulse

Lp s

=— 300 ns—— 200 ns-=——

Bunch
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Beam power

BCharacterizing the “power” of a high-
intensity accelerator

(P)=E(l) energy & average current
HAverage current of “facility”
(1)=fyN_e
—Repetition rate
—Number of particles per pulse

MRaise energy, increase repetition rate,
increase pulse intensity

CPisS

lon species

M H-ion is used for short pulse applications
—Allows multi-turn accumulation to enhance pulse
intensity
—Controls beam profile
—Demands a powerful H- ion source

—Complication with electron stripping under gas
scattering and under magnetic field
* Gas scattering: requiring relatively high vacuum
» Magnetic stripping: limits maximum magnetic field
* Black-body stripping: significant above 5 GeV

M Proton beam is usually used for high-intensity cw or

long pulse applications in the absence of rings

CPES
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Kinetic energy

B Range largely determined by applications & experiments
—E.g. 0.5 - 5 GeV for neutron spallation
B Within a given range, a higher output energy implies

— a higher output beam power, relatively “cheap” to achieve for
a RCS (linearly proportional)

— alleviated heating on target due to longer stopping length

— higher magnet field, higher ramping power, more difficult field
quality control

B A higher injection energy implies
—reduced space-charge effects due to electro-magnetic force
cancellation

— more probably magnetic stripping demanding lower field,
longer magnet, more injection space

— higher cost of the injector accelerator

Repetition rate

B Requirements from the user / target: 10 - 60 Hz
— Time resolution & power per pulse needs -> lower rate
— Total beam power, easier target tolerance -> higher rate
B Rapid-Cycling Synchrotrons: sensitive to repetition rate
— Demands a strong power supply
— Demands a high radio-frequency (RF) voltage

— Demands RF shielding to avoid heating on vacuum chamber
while allowing image charge to circulate (impedance control)

— Demands lamination to avoid heating in magnets
B Accumulators: less sensitive comparing with RCS

— More demanding on the pre-injector (ion source output, linac
klystron power ...)

— Higher injection energy, lower extraction energy
— Higher ring intensity (instabilities) and beam loading

19



Pulse intensity

B Proportional to output beam power - as high as possible

W Usually limited by space charge constraints, instability
threshold, instability growth

W Ring average current |_ — Nef

S

A

B Ring peak current |

parabolic: ~ 3z-  Gaussian: -1
===
24 V2zo,
B Bunching factor B= I/ <1
|
: Colyy 2 . 7
parabolic: B=—c""3  Gaussian: B~ =042

Empirically: ~0.5 (accumulator); ~0.35 (RCS)

CPiS

Bunch length

B Range largely determined by applications & experiments
—E.g. ~ 1 ns for neutrino factory proton drivers
— Spallation neutron: not sensitive to bunch length
B Choice of Radio Frequency accelerating system
—Hardware availability considering wide RF frequency
sweep
— Consideration of possible coupled-bunch instability

—Needs for a clean beam gap for extraction
* For low harmonic: control bunch area/bucket area ratio
* For high harmonic: missing bunches

CPES
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Emittances

B Transverse emittance
constant of acceleration: §Xdpx

Py ~ BX
— Preservation of normalized emittance often needed for
downstream applications; damping is not practical
— Controlled emittance enlargement is used to alleviate
space-charge effects & target stress; constraints from
magnet aperture and power supply
B Longitudinal emittance

constant of acceleration:

AE AE Ap
w W=—; —=p"—"F
§¢d ho, E p p

— Needed momentum spread to damp possible instabilities

— Often limited by the available momentum acceptance

SNS beam evolution parameters

Front End Linac Ring

ISILEBT RFQ MEBT DTL CCL SCL (1) SCL (2) HEBT Ring RTBT Unit
Output Energy 0.065 25 25 86.8 185.6 391.4 1000 1000 1000 1000 MeV
Relativistic factor g 0.0118 0.0728 0.0728 0.4026 0.5503 0.7084 0.875 0.875 0.875 0.875
Relativistic factor y 1.00007 1.0027 1.0027 1.0924 1.1977 1.4167 2.066 2.066 2.066 2.066
Peak current 47 38 38 38 38 38 38 38 9x10" ox10*  mA
Minimum horizontal acceptance 250 38 19 57 50 26 480 480 Tmm mr|
Output H emittance (unnorm., rms) 17 2.9 3.7 0.75 0.59 0.41 0.23 0.26 24 24 Tmm mr|
Minimum vertical acceptance 51 42 18 55 39 26 480 400 Tmm mr|
Output V emittance (unnorm., rms) 17 2.9 3.7 0.75 0.59 0.41 0.23 0.26 24 24 Tmm mr|
Minimum longitudinal acceptance 4.7E-05 2.4E-05 7.4E-05 7.2E-05 1.8E-04 19/n neVvs
Output longitudinal rms emittance 7.6E-07 1.0E-06 1.2E-06 1.4E-06 1.7E-06 2.3E-06 2/ neVs
Controlled beam loss; expected 0.05% N/A 0.2° N/A N/A N/A N/A 5° 62° 58° [
uncontrolled beam loss; expected 70 100" 2 1 1 0.2 0.2 <1 1 <1 Wim
Output H emittance (norm., rms) 0.2 0.21 0.27 0.33 0.39 0.41 0.41 0.46 44 44 mm mr|
Output V emittance (norm., rms) 0.2 0.21 0.27 0.33 0.39 0.41 0.41 0.46 44 44 Tmm mr|

Note a) corresponding to 27% chopped beam

b) corresponding to 5% chopped beam

c) beam loss on the transverse and momentum collimators

d) including total 4% of beam escaping foil and 0.2% beam loss on collimators
e) including 4% beam scattered on the target window

f) corresponding to 20% beam loss averaged over RFQ length




3. Beam loss & activation

Significance of exposure to radiation

M US occupational limit

50 mSv per year Exposure Significance
3.5 5v 50% chance of survival
o DOE |ab0rat0ry = Sv Serious to lethal
guideline 12.5 mSv > 50 mSv Requiring medical checks
50 mSv.y ! Ocenpational dose limit
per year 15 - 50 mSv.y ™' Strict dose control necessary
5-15 mSv.y~!  Professional exposure
u Hands-on < 5 mSv.y~! Minimmm control necessary
maintenance: 1 mSv.y! Natural backgronnd
10 pSv.y~! Insignificant
—1 mSv/hour
—50 hours of work per
year

(1 Sv = 100 Rem)




Radio-activation & beam loss

B Hands-on maintenance: no more than 1 mSv/hour residual

activation (4 h cool down, 30 cm from surface)

B ~ 1 Watt/m uncontrolled beam loss
M ~ 105 beam loss per tunnel meter at 1 MW operation
B < 104 beam loss in a 200 m accumulator; ~ 103in a 200 m

Beam loss [Wi

rapid cycling synchrotron High rad

areas
Uncontrolled loss

during normal operation

25 1
2,
FE
15 -
s
> RING \
05 L HEBT.
b = = \_ RTBT
0 e T e e R
0 100 200 300 500 500 700 800
gngth [m]

Source of beam loss

B High radio-activation at injection, extraction,collection
— AGS: up to 100 mSv/hour at localized area
® High beam loss

— FNAL Booster (25 - 40%): ramp tracking, debunching-recapturing,
transition, aperture!

— AGS/Booster (20 — 30%): pushing record intensity

— ISIS (~15%): injection capture, initial ramp

— PSR (0.3% Full energy accumulation): injection loss

— SNS (~ 10 Full energy accumulation): average uncontrolled loss

(1) space-charge tune shift (0.25 or larger) & resonance crossing

(2) limited geometric/momentum acceptance

(3) premature H- and HO stripping and injection-foil scattering

(4) errors in magnetic field and alignment (saturation, fringe, ramp ...)
(5) instabilities (resistive wall, electron-cloud instability ...)

(6) accidental beam loss (e.g., malfunction of the ion source/linac &
misfiring of ring extraction kickers)

(7) beam-halo loss during fast extraction.

23



Collimation considerations

EMulti-step beam gap cleaning
— LEBT chopping (25 ns)
— MEBT chopping (10 ns)
— Ring BIG cleaning

EMulti-step scraping & collimation

— MEBT, HEBT, Ring, RTBT
BPhase space collimation in transport line
ETwo-stage collimation in ring

_

4. Major accelerator systems

_
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SNS accelerator complex

—

TARGET BUILDING

Linac structure (SNS example)

M [on source

M Low energy beam transport (LEBT)

B Radio-frequency quadrupole linac (RFQ)
B Medium energy beam transport (MEBT)
M Drift tube linac (DTL)

M Coupled cavity linac (CCL)

B Superconducting RF linac (SCL)

FrontEnd ! . ! HEBT
LBNL RT Linac LANL , BNL

N

1
1
N7
: N
\ SRF Linac JLAB

186 MeV 1000 MeV

"

H™ Injector Chopper
2.5 MeV

402.5 MHz | 805 MHz, 5.0 MW

7
///////

86.8 MeV
2HEBT

Cavities

RF Power
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Front end

Equipment Racks High-Voltage Enclosure for Ancillary Systems

B lon Source/LEBT
Create 50-mA
H- ion beam

RFQ
Accelerate beam
to 2.5 MeV

LEBT/ MEBT
Chop beam
into mini-pulses

i MEBT
Match 40-mA
beam into DTL

Front end functions

M |on source

— High current, low emittance, adequate duty (pulse
length) and flatness, long lifetime

ELEBT

— e- collection, matching, pre-chopping, acceleration
BRFQ

— Bunching, focusing, acceleration
EMEBT

— Matching (maintain bunching), chopping, scraping,
(optional anti-chopping)




DTL

Drift tubes
Drift tube
Coolant manijfolds
N,
MEBT . I
interface

vacuum pumping
system

— 402.5 MHz

Iris waveguide headers

RF window

CCL

Linac Segment 1
86.8 MeV

(£}

DTL Tank-6 /

(2 places)

RF waveguide interface

Segments -6
Length - 6.1 meters
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SCL (p=0.61)

5,830
739,882 SLOT LENGTH
4,234
166.689
‘ = =1
1.270 ! T 1
50.000
§ %
Q J
CPisS
SCL (p=0.81)
7.891
0654 SLOT LENGTH
6.281
247 B63
7 1 — 1
1,270 1
50.000
CPES
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SNS Ring layout example

B No energy ramping

movable  fixed
scraper  collimarors

bad

injection sepum.._.

& bumps beam gap kicker

‘_/ exmraction kickers

exmracrion sepum

'\RF/

insrumentarion

Long straight-section,
large aperture

— Injection flexibility
— Collimation efficiency

Four straight-sections for
four functions

— Injection;

- RF;

— Collimation;

— Extraction

— Diagnostics all-around
Dispersion-free injection

— Decoupled H, V, L
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Tsinghua University

Thank you!

SELF-DISCIPLINE AND SOCIAL COMMITMENT
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