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as NSTX that set its power record while run-
ning on deuterium and tritium. “ We made a 
tremendous splash in the newspapers,” re-
calls Michael Zarnstorff, PPPL’s chief scien-
tist. “People would ask, ‘When are you going 
to have electricit y from fusion?’”

That prospect has eluded physicists. ITER 
aims to be the first tokamak to produce 
more energy than it consumes. But TFTR 
was also supposed to do that and it came 
up short. Controlling a plasma turned out 
to be harder than anticipated, the electro-
magnetic equivalent of grasping an eel. Af-
ter DOE shut down TFTR, PPPL research-
ers developed two smaller, more radical 
machines with dif ferent advantages.

NSTX was the more conventional design. 
A traditional tokamak has the shape of a 
doughnut. But a spherical torus like NSTX 
resembles a cored apple. For the same mag-
netic f ield, the rounder shape should put 
more pressure on the plasma, says Richard 
Hawryluk, a physicist at PPPL. “Basically you 
want to optimize the bang for the buck,” he 
says. From 1999 to 2009, NSTX confirmed 
that prediction, which could make reaching 
the elusive break-even power point easier.

All tokamaks, including spherical ones, 

suffer from a limita tion, however. To trap a 
plasma, the magnetic f ield going around the 
torus must twist lik e the stripes on a candy 
cane. To generate that twist, the plasma itself 
has to race around the doughnut to produce 
a current. And the laws of electrodynamics 
state that to push the plasma around, physi-
cists need another rapidly changing mag-
netic f ield, which is generated by a coil in 
the doughnut hole. A run lasts as long as it 
takes to reverse the current in the coil—just 
a couple of seconds. Moreover, in a spheri-
cal torus, several dif ferent magnet coils are 
crammed precariously into the narrow hole.

A machine called a stellarator avoids the 
first limita tion by generating the t wist not  
with a moving plasma, but with t wisted mag-
netic coils. In principle it can run s teadily 
and more efficiently (Science, 23 October 
2015, p. 369). In 2001, PPPL started work on 
one called the National Compact Stellarator  
Experiment (NCSX). However, by 2008—
a year after it was supposed to be finished—
its cost had nearly tripled to $170 million.  
DOE canceled the project, leaving PPPL with 
one machine and a black eye.

Then came the failure of NSTX after its 
upgrade, which aimed to double the strength 

of its magnetic f ield. An investigation re-
vealed numerous problems in addition to the 
shorted coil, Hawryluk says. “We felt strongly  
that we really needed to understand what 
was going on,” he says, “and not just f ix one 
thing and then come back and say, ‘Well, now 
something else is wrong.’” Additionally , DOE 
put PPPL’s $199 million repair plan through  
the same yearslong approval process it re-
quires for a whole new project.

That was an overreaction, says Martin  
Greenwald, a physicist at the Massachusetts 
Institute of Technology. “Instead [of fixing 
the problem] it ’s like, ‘Oh, we’re going have a 
million re views,’” he says. But Madia says the 
lab brought the scrutin y on itself by failing  
to catch the problem and reacting slowly to  
it. “ The problem was really leadership at the 
lab,” he says.

If NSTX’s failure strained the lab’s rela-
tions with DOE, it nearly brok e those with 
the university, Meade says. The lab’s director  
at the time, Stewart Prager, was forced out 
and a few months later Princeton President 
Christopher Eisgruber took the staff to task 
in an all-hands meeting , Meade says. “He 
gave about a 20-minute talk admonishing  
the laboratory, telling them how deeply dis- P
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The plasma chamber of 
NSTX seen in 2014, 
before a short forced it 
to be disassembled.
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appointed and embarrassed he was about 

this incident,” he says. Eisgruber says he sim-

ply told researchers the situation was urgent. 

“It’s our obligation to deliver on the contracts 

we form with DOE,” he says. “There has to be 

a commitment to excellence.”

IN SOME WAYS, Cowley seems an odd choice 

to guide the beleaguered lab—a Brit who 

doesn’t drive leading an American  lab 

in car-clogged New Jersey. (He takes the 

bus to work.) For a person in the hot seat, 

Cowley also exudes a curious ebul-

lience. “I’m a very lucky person because 

my serotonin level is pretty much al-

ways right,” he says. “So I pretty much 

like anywhere I am.”

Cowley is no stranger to PPPL. He 

earned his doctorate here in 1985, be-

fore going on to positions at the University of 

California, Los Angeles, and University Col-

lege London. He also has ample leadership 

experience. From 2009 to 2016, he served as 

CEO of the UK Atomic Energy Authority and 

director of the Culham Centre for Fusion En-

ergy. There he oversaw work on a competitor 

to NSTX, the Mega Ampere Spherical Toka-

mak, which was upgraded last year.

At PPPL, job No. 1 is to get NSTX running 

again. To do that, Cowley brought in John 

Galayda, an accelerator physicist who led 

construction of the world’s first hard x-ray la-

ser, the Linac Coherent Light Source at SLAC 

 National Accelerator Laboratory, which in 

2009 worked on the first attempt. PPPL re-

searchers have begun to fabricate new parts 

and aim to have NSTX running in summer 

2021. For Jessica Guttenfelder, a mechanical 

engineer who started at PPPL weeks before 

the machine conked out, it feels like a rebirth. 

“Everything you’re exposed to is so unique,” 

says Guttenfelder, who is in charge of a de-

vice that shoots hydrogen atoms into NSTX’s 

plasma to help it spin.

The 20-year-old reactor still has work to 

do, Hawryluk says. With its stronger mag-

netic field, NSTX will test whether a spheri-

cal tokamak’s favorable scaling of pressure 

with magnetic field persists at tempera-

tures where fusion can occur. Physicists 

will also have to figure out how to handle 

unprecedented loads on the divertors, an 

exhaust system for the reactor’s heat. They 

will explore whether lining the reactor with 

molten lithium helps stabilize the plasma 

and tame the exhaust.

At the same time, Cowley aims to trans-

form PPPL into a multipurpose lab with 

much stronger ties to the university and 

industry. PPPL’s nonfusion work has typi-

cally focused on the plasmas in stars and 

interstellar space. Cowley plans to expand 

into the use of cold plasmas to process ma-

terials, in particular to make ever-more-

advanced microchips. “The U.S. dominates 

the industry that makes the machines that 

make the chips,” he says. “If we’re not care-

ful we’ll lose that to China.”

Cowley plans to double the lab’s staff, 

with the cold plasma work accounting for 

30% to 50% of the total. Craig Arnold, di-

rector of the Princeton Institute for the Sci-

ence and Technology of Materials, envisions 

close ties to PPPL. “You have these two enti-

ties that are literally next door to each other 

and part of the same overall organization. 

It’s silly for us not to be working together,” 

he says. The university and the lab are nego-

tiating to construct a $100 million building 

at PPPL for the cold plasma and material 

science work.

In the longer term, Cowley says he wants 

to get PPPL back to building big machines. 

“What’s the facility after NSTX?” he asks. 

“My mission is to define that and get it to 

happen.” In particular, he would like to 

revisit the idea of building a stellarator. 

But instead of fashioning bizarrely shaped 

coils for the machine, Cowley envisions 

using conventional ones and adding high-

strength permanent magnets on electroni-

cally adjustable mounts to shape the field. 

“It’s just an idea and maybe it’ll go no-

where,” says Cowley, who sketches out the 

idea with colleagues in a paper in press at 

Physical Review Letters.

Other U.S. fusion physicists welcome his 

ambitions, noting that aside from parts for 

ITER, DOE hasn’t built a major fusion ma-

chine since NSTX. “At some point we need 

to be building,” says Erik Trask, a physicist 

at the fusion startup TAE Technologies. “I 

would love to see many midscale machines 

get built.” Eisgruber says he is “greatly en-

thusiastic” about the plans for the lab. “Steve 

Cowley has a vision that I fully support.”

THE PLAN ALSO SEEMS to dovetail with the vi-

sion outlined in the December 2018 NASEM 

report, which urged the United States to 

build a prototype power plant in the 2030s 

as a successor to ITER. Taking advantage of 

innovations such as powerful magnet coils 

made from high temperature superconduc-

tors, that Compact Pilot Plant (CPP) would be 

smaller and cheaper than ITER, a $25 billion 

behemoth. Such miniaturization will be vital 

in the U.S. energy market, Cowley predicts, 

as no utility will buy a plant that expensive.

The call to build the CPP might help 

fill PPPL’s sails. PPPL wouldn’t build the 

machine on its campus, researchers say, 

because it would produce too much ra-

dioactive material for a densely populated 

place like Princeton. But the lab would un-

doubtedly play a leading role in designing 

and building the machine. “We’re enthusi-

astic about the report,” Zarnstorff says. The 

first step for the CPP would be to make it 

into DOE’s next long-range plan for fusion, 

which researchers and the agency aim to 

hash out by year’s end.

But that rosy scenario faces several un-

certainties. For example, even if DOE 

embraces the CPP, it would likely 

build a power plant only as part of a 

public-private partnership, Zarnstorff 

says. So the fate of the project may 

depend on whether companies such 

as TAE Technologies and Common-

wealth Fusion Systems can help bear the 

costs and risks of the project.

The push toward a working fusion power 

plant also highlights a tension within DOE. 

Since 1998, the department’s fusion energy 

science program has resided in its basic re-

search wing, the Office of Science. Many U.S. 

fusion researchers say the basic research 

tag handcuffs them. “There’s a lot of cutting 

edge research in fusion technology that we 

can’t support that because it’s not science,” 

Greenwald says. Zarnstorff says that to pur-

sue the CPP, DOE ultimately may have to 

move fusion into applied research.

Cowley says such talk is premature. “I don’t 

think we can get to commercial fusion power 

without solving some really quite profound 

scientific problems,” he says. For instance, he 

says, researchers still need to figure out how 

to deal with exhaust heat.

And then there’s the question of money. 

The NASEM report calls for a $200-million-

per-year increase in U.S. fusion research, and 

Congress boosted DOE’s budget for fusion en-

ergy sciences from $564 million in fiscal year 

2019 to $671 million this year. But all of that 

increase will go to ITER, and it remains to be 

seen whether Congress will continue to ramp 

up the fusion budget.

For now, Cowley is focused on rejuvenat-

ing a fallen lab and boosting its morale. Over 

a group lunch in a conference room, Laura 

Xin Zhang, a fourth-year graduate student 

at Princeton, says she chose fusion because 

she was seeking a mission in her work. “We’re 

the generation of climate change, so everyone 

wants to do something with climate change,” 

says Zhang, a native of Dalian, China. Fusion 

could offer an answer. “Someone has to work 

on this, or it will never happen,” Zhang says.

“It will happen in your lifetime,” Cowley 

interjects.

“You think?” Zhang says.

“Mine, it’s touch and go,” Cowley says with 

a smile. “I need to keep fit.” j

“What’s the facility after NSTX? My mission 
is to define that and get it to happen.”
Steven Cowley, Princeton Plasma Physics Laboratory
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