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NAE Grand Challenges for the 21st Century



3$

Looking Back to the 20th Century: 



Implica6ons'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$ConversaUon”$

$





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$



Courtesy$ChrisUna$White,$UT$

Solving'Grand'Challenges'will'require'
I@Shaped'Engineers$

•  SoluUons$must$be$Feasible,$Viable,$Desirable$

–  Feasible$"Engineering$fundamentals$

–  Viable$"$Economics$and$business$knowledge$

– Desirable$"$Context$of$culture$and$social$policy$$

A$couple$of$stories…$



Project'Example:'Revenue@genera6ng'Public'
Toilets'in'Togo'

Duke$Prof.$Marc$Deshusses,$Gates$FoundaUon $Grand$Challenge$Scholar:$$Conner$Co@on$



Project'Example:'Sustainable'fishery'in'
Kenya'

Teaching$wave$mechanics$to$protect$fragile$shallow$water$reefs$



• HIV+$Women$who$give$birth$at$home$

• 20<50%$have$HIV+$children$[1]$
• Majority$transmi@ed$during$delivery$[1]$

• 3TC,$NVP$and/or$AZT$can$prevent$transmission$

• Drugs$expires$quickly$out$of$the$bo@le$(<1mos)$

2$mos$0$mos$

Duke$Pouch$12$mos$NVP$

Duke$Pouch$12$mos$AZT$

Duke$Pouch$12$mos$3TC$

Clinical$Trials$

Ecuador$

Zambia$

Tanzania$

Namibia$

$

[1]$WHO$(2006)$'AnUretroviral$drugs$for$treaUng$pregnant$

women$and$prevenUng$HIV$infecUon$in$infants$in$

resource<limited$semngs:$towards$universal$access’$

Project'Example:'PraJ'Pouch$

Courtesy:Bob$Malkin$









•  “We$the$undersigned$deans$commit$to$educate$a$new$generaUon$of$engineers$

expressly$equipped$to$meet$[grand]$societal$challenges…$

•  “We$affirm$the$importance$of$such$aims$as$a$reflecUon$of$our$core$values,$as$a$

source$of$inspiraUon$for$drawing$a$generaUon$to$the$call$of$improving$the$

human$condiUon,$as$a$driver$for$our$naUon$and$world$economies,$and$as$

essenUal$to$US$and$global$security,$sustainability,$health,$and$joy$of$living$….$

•  “Over$the$course$of$the$next$decade,$we$commit$to$graduaUng$from$each$of$

our$insUtuUons$20$students$a$year$who$are$prepared$with$this$unique$

combinaUon$of$skills,$moUvaUon$and$leadership$to$address$the$Grand$

Challenges….$

US'Engineering'School'Deans’'Response:'

Signed$by$122$deans$across$the$country$



White House receives commitment letter 
March 23, 2015



The'End'Game:''Not'just'educa6on'but'
solu6ons'to'Grand'Challenges'

•  Some$expected$and$some$unexpected$

advances$since$2007…$

$



Provide'Clean'Water$



2010:'Watson'wins'on'Jeopardy$



2010:'Make'Solar'Energy'Economical'
Algae?'

$



Personalized'Learning'
2011:'First'MOOC'reaches'>'100,000'

$

900,000'learners'+'Machine'Learning'"'surpassing'RoseJa'Stone'

2013'



RF structure accelerator 

Plasma wakefield 

λ ~ 30cm

λ ~ 100µm

Laser$and$beam<driven$

plasma$wakefields$can$

miniaturize$a$large$parUcle$

accelerator:$$$
• $
$

Engr'Tools'of'Scien6fic'Discovery'
$

0<42$GeV$in$3km$$

42<85$Gev$in$1m$
• $
$

Blumenfeld$et$al,$Nature$‘07$



Grand Challenge: Tools of Scientific Discovery 



Particle Accelerators: compact to country size  
Big Physics Questions and Applications

•  Verified Standard Model of 
elementary particles 

•  W, Z bosons 
•  Quarks, gluons and quark-gluon 

plasmas 
•  Asymmetry of matter and anti-

matter 
•  Higgs Boson (cause of mass) 
•  Dark matter and energy? 
•  Faster than light particles? 
•  Origin of hi-energy cosmic rays? 
•  Beyond the Standard Model? 

•  Medicine 
•  Cancer therapy, imaging 

•  Industry and Gov�t 
•  Killing anthrax  
•  lithography 

•  Light Sources 
(synchrotrons) 
•  Bio imaging 
•  Condensed matter science 

Large Compact 



Radio Jets from Galaxy 3C296

X-rays from Crab Nebula 
Pulsar

Astrophysical Jets -- the ultimate beam-plasma 
interaction laboratory



Particle Accelerators 
 Requirements for High Energy Physics

•  High Energy 

•  High Luminosity (event rate) 
•  L=fN2/4πσxσy 

•  High Beam Quality 
•  Energy spread δγ/γ ~ .1 - 10% 
•  Low emittance: εn ∼ γσyθy < 1 mm-mrad  

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



Particle Accelerators 
 Why Plasmas? 

•  Limited by peak power 
and breakdown 

•  20-100 MeV/m 
•  ILC = 20km /0.8 TeV 

•  No breakdown limit                

•  10-100 GeV/m 

Conventional Accelerators Plasma 



Simple Wave Amplitude Estimate 

€ 

∇ • E ~ ikpE = −4πen1
kp =ω p Vph ≈ω p c
n1 ~ no
⇒ eE ~ 4πenoe

2c ω p = mcω p

or eE ~ no
1016cm−3 10GeV m

Gauss� Law

E 

1-D plasma density waveVph=c 



Concepts For Plasma Based Accelerators* 

•  Plasma Wake Field Accelerator (PWFA) 
 A high energy electron bunch 

 

•  Laser Wake Field Accelerator   
 A single short-pulse of photons 

 
•  Drive beam •  Trailing beam 

•  Wake: phase velocity = driver velocity 
           (Vgr or Vb)  

Vgr 

*Proposed by John Dawson 





J. Faure et al., Nature 2004 

Parameters: ne=6x1018 cm-3,  
         a0=1.3, t=30 fs 

Results obtained with 1m off-axis parabola:  
  w0=18 µm, zR=1.25 mm 

 

P=30 TW 

Spectrometer 
resolution 

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

Divergence FWHM = 6 mrad 

Electron beam profile on LANEX 

Nature Experiments 2004: Mono-energetic Beams 
3 Labs--LOA, RAL, LBL 



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 

T. Katsouleas, Nature 2004 



GeV Laser WFA Simulation (3D PIC) 
Experiments are at threshold of a scalable robust regime 

U  C  L  A W. Lu, M. Tzoufras et al., UCLA 

•  Similar sequence of events: 

–  The front of the laser pulse loses 
energy (local pump depletion) and 
etches back.  

–  Wake grows and electrons are self-
injected at the tail of the ion channel 

–  High quality beam load forms 
 εN ~ r θ ~ 1µ x 1 rad=1 mm-mrad 

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

P =.2 PW, τ =30fs 



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 
plasma density to achieve a linear scaling on power: 

PE ∝Δ

U  C  L  A W. Lu et al., UCLA 

P=100 kJ/ 1ps 
L=200 m 
N=1011 e-�s! 

1.5 TeV 



US and Worldwide Experimental Effort on Plasma Accel  
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Laser Wake Expts Electron Wake Expts e-/e+ Wake Expts 



The E-162/E-164 Collaboration: 

C. Barnes, I. Bluenfield, F.-J. Decker, P. Emma, M. J. Hogan, R. Iverson, 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 

U  C  L  A P. Muggli

Review of Experiments 
Beam drivers 

 



Located in the FFTB

FFTB 

e-

N=1-2·1010

σz=0.1 mm
E=30 GeV

Ionizing
Laser Pulse
(193 nm)

Li Plasma
ne≈6·1015 cm-3

L≈30 cm

Cerenkov
Radiator

Streak Camera
(1ps resolution)

X-Ray
Diagnostic

Optical Transition
Radiators Dump

25 m

∫Cdt

Not to scale!

Spectrometer

25 m

PWFA Experiments @ SLAC 
Share common apparatus 



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

0

+2

+4

-4

-2

0 +5-5
X (mm)

Pyro=247 Pyro=299Pyro=318
ne=0

Gain

Loss

0 +5-5
X (mm)

7.
9 

G
eV

≈3 GeV!

R
el

at
iv

e 
E

ne
rg

y
E164X breaks GeV barrier 

L≈10 cm, ne≈2.55 x 1017 cm-3,  Nb=≈ 1.8 x1010 

U  C  L  A 



Data is very reproducible!

… 

Data is very reproducible! 

U  C  L  A 



Data is very reproducible! 

U  C  L  A 



Work supported by DOE



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

I ~ 1019 photons/s-.1%bw-mm2-mr2 @6 keV

X-Ray emission from Betatron motion 

U  C  L  A 



Beams vs. Lasers? 
 II.  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 

- $104/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)
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Electron Beam Refraction At Plasma–Gas Boundary

P. Muggli et al., Nature 411, 2001

• Vary plasma – e- beam angle φ 
  using UV pellicle

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



•  30 GeV e-beam penetrates several mm�s of 
copper… 

•   30 GeV beam incident on 1mm of dilute gas     
(one million times less dense than air) 

refracts and even...bounces off (total internal 
reflection)!

High power beams tend to blow holes 

But we have seen… 

Courtesy T. Raubenheimer, M. Ross



Acceleration, Radiation Sources, Refraction, Medical Applications 

Plasma Acceleration has put Physics at the 
Forefront of Science 

From good Physics to a good Collider is a Grand Challenge worth pursuing  





    e- 
beam 
driver 

Plasma Source: 
neutral Li vapor confined by He 

Trapped  
 bunch 

Evidence for a Brightness Transformer (or 2nd beam 
generator) in the SLAC PWFA Experiment (E-167) 
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Unique Source of Bright and Short e- Beams 

Trapped  
Bunch 

SLAC Beam 
Driver 

Ipeak (kA) 20 9 

FWHM (µ) 2   (6 fs!) 65 

Emittance 
(mm-mrad) 

5 50 

Bn (A/m2-mm2) 1.5x1015 ! 7x1012 

FWHM ~%4 

Peak at 11 GeV 

Osiris Simulation 



Laser acceleration of ions from solid targets  
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II. sweeping  
acceleration 
 

III. sheath field  
acceleration 

-
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  - -
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  - -
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I. 
ambipolar  
expansion 

 H+  ion 

Bulk Target (Al) 

e-  H+/other  ions 

Laser: 
few J / ~1 ps (>10 TW)  
Iλ2 >1018 W cm-2 µm2 

Incident  
laser

R. Snavely et al., Phys. Rev. Lett. 
85, 2945 (2000). 

Y. Sentoku et al., 
Phys. Plasmas 10,  
2009 (2003) 

S.J. Gitomer et al., 
Phys. Fluids 29, 
2679 (1986) 

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

Courtesy J. Fuchs



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

SLAC structure 

Plasma 

2a 
λ=10cm

λ=100µm

Accelerator Summary 

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

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


