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Make solar energy
economical

Manage the
nitrogen cycle

Advance health
informatics

Prevent nuclear
terror

Advance
personalized
learning

Provide energy
from fusion

Provide access to
clean water

Engineer better
medicines

/| Secure

cyberspace

Engineer the tools
of scientific
discovery

NAE Grand Challenges for the 21st Century

Develop carbon
sequestration
methods

Restore and
improve urban
infrastructure

Reverse-engineet
the brain

Enhance virtual
reality



Looking Back to the 20" Century:

Greatest Engineering Achievements
oF THE 20™ CENTURY

+ About ¢ Timeline ¢ The Book

Welcome!

How many of the 20th century's greatest engineering
achievements will you use today? A car? Computer? Telephone?
Explore our list of the top 20 achievements and learn how
engineering shaped a century and changed the world.

Electrification 11. Highways
Airplane 13. Internet

Water Supply and Distribution 14. Imaging

Electronics 15. Household Appliances
Radio and Television 16.

Agricultural Mechanization 17. Petroleum and

Computers Petrochemical Technologies
Laser and Fiber Optics
MNuclear Technologies
High-performance Materials
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Greatest
Achievements
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Implications of the Grand Challenges

* Don’t fit within any one discipline, or even
within engineering

* Describe engineering in human-facing terms:
— Sustainability, Health, Security, Joy

* Powerful tool for “Changing the Conversation”






face th

chaiense NAE Grand Challenge Scholars

» To prepare UG engineering students with the skillset and
mindset to address GCs over the course of their careers

= Five critical components
1. Project or research activity engaging a Grand Challenge
2. Interdisciplinary curriculum — behavior, business, policy
3. Entrepreneurship
4. Global dimension
5. Service learning

Simon GC
Scholar Maggie
Hoff working on
potable water
project in Peru

Courtesy Martha Absher £



Solving Grand Challenges will require

I-Shaped Engineers

Contextualize Design Entrepreneurship Globa VIABILITY

I
within el = \VIABILITY N
Local, National, & Global N
Economies il o
-

o TRANSLATES INTO
T — RSB L suecessrut -
Innovation Skill Set & Mindset INNOVATION |
DESIRABILITY (o]
N

=4 DESIRABLITY

Relate to Humanities & Policies
with Individual & Collective Action

Courtesy Christina White, UT

e Solutions must be Feasible, Viable, Desirable
— Feasible 2 Engineering fundamentals
— Viable = Economics and business knowledge
— Desirable = Context of culture and social policy

A couple of stories...




Project Example: Revenue-generating Public
Toilets in Togo

Reinventing the pit latrine
Human waste digested to biogas,
then used to heat sterilize effluent.

Pit latrine/

Human (Extra biogas/
wastes cooking/lighting)
Biogas T
Digester -
‘M Heat
. 30°C exchangeg
Additional > 45°C
organic 1 NWW%EIZ}*
wastes 60°C Biogas
(optional) dand powered
Treated an heater

sanitized effluent

Not to scale

Duke Prof. Marc Deshusses, Gates Foundation  Grand Challenge Scholar: Conner Cotton



Project Example: Sustainable fishery in
Kenya

Teaching wave mechanics to protect fragile shallow water reefs




Project Example: Pratt Pouch

*HIV+ Women who give birth at home
*20-50% have HIV+ children [1]
*Majority transmitted during delivery [1]

*3TC, NVP and/or AZT can prevent transmission
*Drugs expires quickly out of the bottle (<1mos)

Duke Pouch 12 mos NVP
[1] WHO (2006) 'Antiretroviral drugs for treating pregnant Duke POUCh 12 mos AZT

women and preventing HIV infection in infants in
Duke Pouch 12 mos 3TC

resource-limited settings: towards universal access’

Clinical Trials
Ecuador
Zambia
Tanzania
Namibia

Courtesy:Bob Malkin
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TEACHING FOR THE FUTURE FIRST IN A SERIES

MORE ENGINEERING STUDENTS
GET REAI.-WORLD EXPERIENCE

Schools try to
debunk it as a
‘field for geeks’

Dan
USATODAY

DURHAM, N.C.

oover Dam. The Pana-
ma Canal The new
iPhone folks are camp-~
ingouttobuy.
In ways massive und
handheld Lite
the world. Now the time has come for
the world to change engineers. One
studentatatime.

“T'm a bit of an idealist, I've always
wanted to help people,” says Duke
1 dent Kath-
ryn’utham. zlj"l liunk ﬂ; mgil:

uth-m‘iiden!ismﬁookhermho-
livia this summer, leading a team of
il e
213-foot-long steel pedestrian bridge
“by hand,” she notes, to link two im-
poverished villages long separated by

Taking
mmhulwmathen-professon

195" e ’t.lsndp!ine. say edmatm's md
face coming challenges in delivering
energy, food, and clean air and water
to the world’s 9 billion people expect-
ed tobe living by mid-century.

“We have done amxsmbhl:‘jvob. by

economy,
ple,” Vest says. “We have to get them
out of the lecture hall and show them
howengineersdojustthat.™

On Oct. 1, the academy will host &
Grand Forum event in Washington
aimed at showing how the discipline
can fix the problem. It will feature
educators, industry leaders and

GmmmmmummmmMﬁ&mmwwmmm

the Gathering Storm,” warned of
eroding U.S. leadership in science and
technology, alarm bells have rung
over the brlghteat students sluppmg

'GARSETT HUBBARD FOR USA TODAY

"America produces just as many
great kids as ever. They just don’t see
engineering asattractive all too often.
Insteadit’sa‘can’t-do’ field forgeeks,”

for finance,
other ﬂeldsln anera ofdeclimngus
manufas

cturing. 3

Much of the problem comes in the
university “pipeline” that carries kids
from freshman chemistry to gradua-
tion, Vest and others say. Just 34% of
women and 81% of men who started
outasengi majors in 2005 fin-
ished thatway fouryears later.

Engineering professors in the past

ys President Richard Miller of Olin

teams, not justalone onacomputer.”
Most radically at Olin, but

U.S. undergraduates storting outas
engineérs and percentage graduat-
ing as engiheers (2005 to 2009):

Women
B 2.6%

W%
Men

TRl 15.6%

TP 8.37%

@ Freshmen

@ Seniors

!vnuanﬂonn.lAuduwolEnQneenn‘
‘onte:

dozen schools. It asks students to
tackle 14 big problems around the
world, mnging from “preventing nu-
clear terror” to “reverse-engineering
thehumanbrain.” She's tryingto grow
algae in soapy “graywater” in a lab to
help clean the water and use the

growth in green diesel-fuel projects.
Latham, a transfer into the disci-
pline, says, “I've learned that
enﬂeerins is really what you want it
You rul.ly can get out o! the

ingly at schools across the country,
engineering students build things

trledwwashoutsmdenumsink—or- earlier in their collega years. They
filled with calcul leaven the h of math
problemledmumdlmleehe.m for defined
dandisch their educati w'lthdnmwybud-
ing Duke Engi DeanThomu ness of building things that do, or
o Katsouleassays. don't, work.
[ElzE @wmouum 'lt’unfunnypmdux. Wewantto At Olin, students have to build
USATODAY.COM mnlee it as easy as p to master hing in weeks-long projects as
ial, bu wedon'twnntholuw— freshmen and start a business
E helevel of v/ hesays. sells to real customers before they
Br- 5! highereducation Instead of aperson solely skilledin graduate. “Our model is a music
filling graph-paper pages with neatly school with engineering as a perfor-
“Khan Academy” online teacher Sal- answered thegoalisa mance art, and the studio time that
man Khan, whose ization’s dent gr k d spend with each other is an
short YouTube lectureson everything e as well. “We can- enormous part of their education,”
from calculus to civics have garnered not solve all of our problems by Millersays.
more than 176 million hnology alone,” K leas says. At Duke, Latham is a “Grand Chal«
Since 2005, when a National Acad-  “Theywill adeepunderstand- lenge” scholar in a national
emyof Sciences report, “RisingAbove  ingofhuman r” W’ d gram at a

solvep

Only six out of every
100 9th graders will
graduate from college
with science, tech,
engineering and math
degrees, according to
the National Center for
Education Statistics.
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Announcing a Special Workshop

EDUCATING ENGINEERS TO MEET

THE GRAND CHALLENGES

Leaders of engineering service-learning organizations, associations, industry
and academia will gather in the nation’s capitol next spring for a workshop
focused on how the U.S. can best prepare future engineers to meet the NAE
Grand Challenges for Engineering.

The goal of the workshop is to develop a consortium of 50 universities and
organizations committed to incenting students to integrate specific curricular
and co-curricular experiences that prepare them to address the Grand
Challenges over the course of their careers. Attendance by invitation only.

Learn more at
nae.edu/grandchallengesworkshop

ORGANIZERS

@epicenter

EPICS
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US Engineering School Deans’ Response:

* “We the undersigned deans commit to educate a new generation of engineers
expressly equipped to meet [grand] societal challenges...

 “We affirm the importance of such aims as a reflection of our core values, as a
source of inspiration for drawing a generation to the call of improving the
human condition, as a driver for our nation and world economies, and as
essential to US and global security, sustainability, health, and joy of living ....

* “Over the course of the next decade, we commit to graduating from each of
our institutions 20 students a year who are prepared with this unique
combination of skills, motivation and leadership to address the Grand

Challenges.... 6 %
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White House receives commitment letter
March 23, 2015




The End Game: Not just education but
solutions to Grand Challenges

* Some expected and some unexpected
advances since 2007...



Provide Clean Water

AIC-Chile Plasma Water Sanitization System

Un tubo que mata los gérmenes del agua
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2010:

IBM Watson as
an Al Physician




2010: Make Solar Energy Economical
Algae?

May 20, 2010 * FUEL
First synthetic life « FOOD Algae: 10,000 gal/acre/year
form * VACCINES

250M Cars = ~0.0048 of US
landmass



Personalized Learning
2011: First MOOC reaches > 100,000

w

Duolingo Intro i v M

2013

where is the Iibrar;k

' 1:17 1 :

With Duolingo you learn a language for free
while helping to translate the web

900,000 learners + Machine Learning = surpassing Rosetta Stone



Engr Tools of Scientific Discovery

Al W

A

Laser and beam-driven
plasma wakefields can
miniaturize a large particle
accelerator:

A

RF structure accelerator
A ~30cm

Plasma wakefield
A ~100pum

0-42 GeV in 3km
42-85 Gevin 1m




Grand Challenge: Tools of Scientific Discovery




Particle Accelerators: compact to country size

Big Physics Questions and Applications

Large Compact

* Verified Standard Model of « Medicine

elementary particles . Cancer therapy, imaging
- W,Zb ’

, & DOSONS * Industry and Gov 't

* Quarks, gluons and quark-gluon N

olasmas . Kllllng anthrax
*  Asymmetry of matter and anti- * lithography

matter  Light Sources
- Higgs Boson (cause of mass) (synchrotrons)
« Dark matter and energy? * Bio imaging
« Faster than light particles? « Condensed matter science

 Origin of hi-energy cosmic rays?
- Beyond the Standard Model?



Astrophysical Jets -- the ultimate beam-plasma
interaction laboratory

X-rays from Crab Nebul
Pulsar

¥ 2000




Particle Accelerators

Requirements for High Energy Physics

High Energy

High Luminosity (event rate)
* L=N?/4no,0,

High Beam Quality
Energy spread &y/y ~.1-10%
* Low emittance: ¢, ~y0,0, < 1 mm-mrad

Low Cost (one-tenth of $10B/TeV)
« Gradients > 100 MeV/m
« Efficiency > few %



Particle Accelerators

Why Plasmas?
Conventional Accelerators Plasma
- Limited by peak power * No breakdown limit
and breakdown
« 20-100 MeV/m e 10-100 GeV/m

* ILC =20km /0.8 TeV




Simple Wave Amplitude Estimate

V,,=c

1-D plasma density wave

VeFE ~ ika = —4men, Gauss’ Law
kp - wp/vph zwp/c
n,~n,

= el ~ 4Jtenoezc/a)p =mcw,

0"%cm

or eE ~\/ 1”" —10GeV/m



Concepts For Plasma Based Accelerators®

V
ar
 Laser Wake Field Accelerator =
A single short-pulse of photons /

* Drive beam * Trailing beam

+  Plasma Wake Field Accelerator (PWFA) W
A high energy electron bunch /'

« Wake: phase velocity = driver velocity
(Vgr O V)

*Proposed by John Dawson



Electrons
hangteno
laser wake

Thomas Katsouleas

Electrons can be
accelerated by making
them surf a laser-driven
plasma wave. High
acceleration rates,

and now the production
of well-populated,
high-quality beams,
signal the potential of
this table-top technology.

04 NaturePublishing Group

news and views

e




Nature Experiments 2004: Mono-energetic Beams

3 Labs--LOA, RAL, LBL

8
. 2x10 . . .
* Smetef

§ Spectromet

Quasi-monoenergetic spectrum
@ Hundreds of pC at 170 MeV +/- 20 MeV

resolution

dN/AE (e/MeV)

Lanex ICT
Laser Nozzle Magnets / 20° \'

\\\\\ \ ' /,:>£Eij}f o) IR > . ;

1 0 50 100 150 200 250
e - M o i U Energy (MeV)
Parameters: n,=6x10"8 cm, P=30 TW Electron beam profile on LANEX

a,=1.3,t=30fs
Results obtained with 1m off-axis parabola:
Wy=18 pm, zz=1.25 mm

J. Faure et al., Nature 2004

Q& W Divergence FWHM = 6 mrad



Recipe for a Monoenergetic Beam

a. Excitation of wake (self-modulation of laser)
Onset of self-trapping (wavebreaking)

b.  Termination of trapping (beam loading)
Acceleration

C. Dephasing
If L > or < dephasing length: large energy spread

If L ~ dephasing length: monoenergetic

'Whitewater' of
plasma electrons

‘" Laser pulse :
i Surfing Mono-

,____\glectrons energetic
i beam

Plasma wake potential | Loaded wake

T. Katsouleas, Nature 2004



GeV Laser WFA Simulation (3D PIC)

Experiments are at threshold of a scalable robust regime

bealn(i_loadlng d“’_’:"“"“ *  Similar sequence of events:

|
— The front of the laser pulse loses

energy (local pump depletion) and

I
I
: etches back.
1

— Wake grows and electrons are self-

|
|
|
|
: injected at the tail of the ion channel

/
— High quality beam load forms
Ey~ro~1ux1rad=1 mm-mrad

(100’s of pCoul from a “cathode” spot of 1u)

P=2PW,T=30fS emhing

2.0 mm

TTTTTTTTT

W. Lu, M. Tzoufras et al., UCLA



Scaling laws for monoenergetic regime

Verification of the scaling through simulations

If the laser can be guided (either by itself or using a plasma
density channel), one can increase laser power and decrease 1.5 TeV

plasma density to achieve a linear scaling on power: é/*
o
?}Q/
&
# Published 3D simulation results AE OC P \9/
@ Nature papers + 3D simulations ﬁd'/
B UCLA 3D simulations (unpublished) Q}V
1 Energy (MeV) Ae(t'
=\ oa . =
C-= [_.,1.,:;.. ured = | // Qv,@ 4 P 100 le 1pS
(P/P)’ (ne/np) p & || L=200 m

08 [—P/Pc=1 L2777 N=10M e- 8!
@ ' n 650
e 175 at
coo i : /" 260

0.6 5 sw © 10 // D& e =0 =

* Z o |7 7/ 300
R A A A e = |08
) -
04l _a Bem . m e
1w 350 TW 9 100 TWW 2 4
e *
o ESTWISTTW . .. - <
0 o2 100 [5]==-P/Pc=10
.
7
0 [
100 1000 1 10 100
Energy (MeV) Power (TW)

W. Lu et al., UCLA



US and Worldwide Experimental Effort on Plasma Accel

Political Map of the World
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Review of Experiments

Beam drivers

The E-162/E-164 Collaboration:

C. Barnes, |. Bluenfield, F.-J. Decker, P. Emma, M. J. Hogan, R. lverson, R. Ischebeck, N.
Kirby, P. Krejcik, C. O’ Connell, P. Raimondi, R.H. Siemann, D. Walz

Stanford Linear Accelerator Center

B. Blue, C. E. Clayton, C. Huang, C. Joshi, D. Johnson, K. A. Marsh, W. B. Mori, W. Lu, M.
Zhou

University of California, Los Angeles

T. Katsouleas, S. Deng, S. Lee, P. Muggli, E. Oz
University of Southern California

USC

P. Muggli




PWFA Experiments @ SLAC

Share common apparatus

PEP I SSRL
Located in the FFTB ‘é:::;ﬁ'c%'a‘f"“

North Damping Ring

Baam
Switch
Positron Retumn Line Positron Source  Yard End
! } (BSY) Vi Station A
e-gun N - (ESA)
s 8 o g = Final Focus
200 MeV linagc > Test Beam
- (FFTB)
injecter L/ - " NLCTA
I PEP Il St.'Et,nd B
h ing Ri High Energy ion
South Damping Ring e Ring (HER) (ESB)
‘e 3 km -
/ DNiZinag A - '

| (0] | . . !
S Optical Transition gpectrometer Cere_nkov :
E=30 Gev Radiators P Radiator |
l 25m ——
“\ Not to scale! /!

__________________________________________________________________

PEP I
IR-2
Detaclor

T /T =



E164X breaks GeV barrier

Relative Energy

[=10 cm, n,=2.55 x 10" cm™> N,_= 1.8 x107°

PHYSICAL
REVIEW

5 0 +5 -5 0 +5
X (mm) X (mm)

Energy gain exceeds = 3 GeV in 10 cm
M. Hogan, et al. (PRL, July 2005)




Data is very reproducible!

-
®

S



Data is very reproducible!
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S tanford

Linear
Accelerator
Center

USC

UNIVERSITY
OF SOUTHERN
CALIFORNIA

Work sunoorted bv DOF

INTERNATIONAL JOURNAL OF HIGH-ENERGY PHYSICS

CERN
COURIER

VOoLUME 47 NUMBER 3 APRIL 2007

Doubling energy in a plasma wake

ASTRONOMY LHC FOCUS COSMIC RAYS
The Milky Way's Processors size up RF antennas provide a
particle accelerator p10 for the future p18 new approach p33



X-Ray emission from Betatron motion

1 April 2002
Volume 88, Number 13

I ~ 10'° photons/s-.1%bw-mm?2-mr> @6 keV
% Published by The American Physical Society

S. Wang et al. Phys. Rev. Lett. Vol. 88 Num. 13




Beams vs. Lasers?

lIl. Wakes and beam loading are similar but...

-Lasers can more easily reach the peak power
requirements to access large amplitude plasma

wakes
- $100k for a T3 laser vs $5M for even a 50 MeV
beam facility

-Lasers can be bent more easily

*Average power cost for beam vs. laser technology sets

timescale for HEP app
-$10%4/Watt for lasers currently x 200 MW ~ $20T, but
there is much current research on developing high

average power lasers.
- $10/Watt for CLIC-type RF x 100 MW



3-D simulation of particle
beam refracting as it exits
plasma (blue)




Electron Beam Refraction At Plasma-Gas Boundary

Symmetric
Channel
Beam Focusing

r.=o(n,/n,)"r,

Asymmetric
Channel

Beam Steering

- Vary plasma — e beam angle ¢
using UV pellicle

- Beam centroid displacement
@ BPM6130, 3.8 m from the
plasma center

P. Muggli et al., Nature 411, 2001

0 (mrad)
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030
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High power beams tend to blow holes

* 30 GeV e-beam penetrates several mm’ s of
copper...

10um

2e10_8x11 F_5 Courtesy T. Raubenheimer, M. Ross

But we have seen...
e 30 GeV beam incident on Imm of dilute gas
(one million times less dense than air)

refracts and even...bounces off (total internal
1on)!




Plasma Acceleration has put Physics at the
Forefront of Science

Acceleration, Radiation Sources, Refraction, Medical Applications

1 April 2002

lume 88, Number 13

PHYSICAL
REVIEW

LETTERS ¢ SC'ENT'F'C
Doubling energy in a plasma wake v oo o AMER'CAN .

Dream beam

The dawn of cpm

Plasma Waves

How to Stop J
Nuclear Terroris 2
S
Guess Who ‘
Owns Your Genes?

CSl: Washington (George, that is)






Evidence for a Brightness Transformer (or 2nd beam
generator) in the SLAC PWFA Experiment (E-167)

e-
beam Plasma Source:
driver neutral Li vapor confined by He

= J

drive beam

trapped beam




Unique Source of Bright and Short e- Beams

Osiris Simulation Trapped SLAC Beam
Bunch Driver
Ipeak (kA) 20 9
FWHM (u) 2 (61s!)) 65
Emittance 5 50
(mm-mrad)
B, (A/m?-mm?) 1.5x1015! 7x1012
20
10!
860 9) 500

Peak at 11 GeV
FWHM ~%4



Laser acceleration of ions from solid targets

Courtesy J. Fuchs %g'

Laser:
fewd/~1ps (>10 TW)
A2 >10' W cm2 um?

1 - e
IncidentV - | :
laser ] :
L -
ambipolar .’\’
expansion / II1. sheath field
acceleration
_ Y. Sentoku et al.,
S.J. Gitomer et al., Phys. Plasmas 10, R. Snavely et al., Phys. Rev. Lett.
Phys. Fluids 29, 2009 (2003) 85, 2945 (2000).
2679 (1986)

if target is heated = efficient acceleration of heavy ions
[M. Hegelich et al., Phys. Rev. Lett. 89, 085002 (2002).]



Accelerator Summary

On ultra-fast timescales, relativistic plasmas can be robust, stable and
disposable accelerating structures

No known show stoppers to a plasma collider,
but not enough known to answer the question

The race to the energy frontier is revealing rich physics
and applications along the way

Plasma

A=100pm




