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Writer: Esther Landhuis

Story: Is Death Real?

▶ To report on the impact of the
OrganX experiments, I realized
I needed a better framework for
understanding death, so I asked
bioethicist Seema Shah to clarify the
basics: In medical and legal terms,
how is an organism pronounced dead?
Shah had contributed to a 2019 report
from the Hastings Center, a bioethics
think tank, which asked: “Can death
be declared on the basis of severe
neurological injury...or is it essentially
a social construct that can be defined in
different ways?” Her answer made me
realize that death is multidimensional
and may ultimately be defined more
by what people in power agree on
rather than by hard-and-fast medical
parameters.

Writer: Dylan Taylor-Lehman

Story: When the South Fork Dam Broke, 
a Pennsylvania Town Washed Away. Which 
Town Is Next?

▶ In researching one of the worst floods
in US history, one fact that made an
impression was the sheer number of
dams in the US—90,000. This was much
higher than I would have guessed; dams
are a kind of infrastructure we don’t
often think about. Also surprising:
The number of experts I interviewed
who spoke alarmingly about the poor
condition of many those dams and the
potential risk they pose. Those fears
are somewhat tempered by the growing
understanding about how dams age and
deteriorate–helping those responsible to
apply limited resources where they are
most needed. Consequently, standing
anywhere below a dam will from now on
be more interesting and unnerving.

Writer: Alex Hollings

Story: The Navy’s New, $13 Billion Aircraft 
Carrier Is Already Obsolete–But This High-
Tech Weapon Can Save It

▶ In its drive to install high-powered
lasers aboard its warships, the Navy
is also seeking more powerful fuel
sources. One recent Navy patent
for a “Plasma Compression Fusion
Device,” hints at a nuclear fusion—
not fission—powerplant. Scientists
believe fusion can produce three or
four times as much energy as current
fission reactors used on the Navy’s
largest ships. Fusion reactors also
eliminate radioactive waste. In fact,
they are fueled by hydrogen isotopes
deuterium and tritium—the former of
which is so common in seawater that the
Department of Energy estimates one
gallon of ocean water could produce as
much power as 300 gallons of gasoline.

▶ Plans for hypersonic weapons go back
to WWII, when the Nazis dreamed of a
bomber capable of attacking the United
States from Germany. Engineering
couple Eugen Sänger and Irene Bredt
drew up plans for a suborbital rocket
plane that became known as the
Silbervogel, or Silver Bird. Launched
from a sled powered by V2 rockets, the
Silver Bird would accelerate to 1,200
miles per hour before it took off. Once in
the air, it would climb to an altitude of
90 miles, reaching speeds above Mach
15. Of course this fantastic craft was
never built. But after the war, Sanger
began working on ramjet engines—the
descendants of which now power the
first generation of hypersonic weapons.

Writer: David Hambling

Story: China and Russia Are Dominating the 
Hypersonic Arms Race—And It’s Not Even Close

Nuclear Fusion 
May Power Future 
Naval Aircraft 
Carriers
Plus more uncanny 
discoveries, insightful 
observations, and 
ingenious ideas from 
PopMech experts, 
contributors, and staff.
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E
ARLIER THIS YEAR, Russia 
fired its newest and 
most dangerous weapon 
from the belly of a MiG-
31 fighter jet. When 
the hypersonic Kinzhal 
missile lit its rocket 

engines and shrieked across the sky at 
speeds up to Mach 5 toward a target in 
the Ukraine, it marked the first time a 
hypersonic weapon has been used in a 
conflict. 

The Kinzhal and missiles like it are 
at the tip of a technological revolution in 
weapon development. These hypersonics 
can reach speeds up to Mach 10, but 
more importantly are highly agile. 
Existing ballistic missiles travel faster, 
reaching Mach 20 as they sail high 
above the earth’s atmosphere, where 
there’s less drag to slow them down. 
But to reach those speeds, ballistic 
missiles fly in predetermined arcs, like 
a cannonball, which makes them easy 
to track and shoot down. The next-gen 
hypersonic missiles can fly low (below 
60,000 feet), adjust course midflight, 
and maneuver around missile-defense 
systems. Military analysts have called 
them “unstoppable.” 

“Hypersonic weaponry represents 
the most significant advancement 
in missile technology since 
[Intercontinental Ballistic Missiles] 
ICBMs,” wrote the authors of a 2021 
report by security think tank RUSI. 
“[They] are on their way to undermining 
nuclear-deterrence postures and 
creating cracks in strategic stability by 
the mid-2020s.”

Russia is already testing a successor 
to the Kinzhal that uses air-breathing 
engines, like a jet, to fly at speeds up 
to Mach 9, making it even harder to 
detect and defend against. In all, Russia 
has three hypersonic weapons in use 
or development; China has three. The 
United States has yet to produce a fully 
functional hypersonic missile but is 
reportedly developing at least eight of 
them. 

With only a few hypersonic weapons 
ready for combat, conventional missiles 
still rule the battlefield. In Ukraine, 
smaller rockets have proved critical for 
the country’s defense against Russia. 
Meanwhile, Russia has used its masses 
of conventional missiles to carry out 
deadly strikes on civilian targets. And 
with Vladimir Putin’s nuclear threats, 
long-range intercontinental missiles 
and their megaton warheads are as 
relevant and dangerous now as at any 
point in our atomic history. 

These are the 13 most dangerous 
missiles in the world. Hypersonics 
lead the way, but several conventional 
weapons still keep generals up at night; 
we included those, too.

China and 
Russia Are 
Dominating 
the Hypersonic 
Arms Race—
And It’s Not 
Even Close
The U.S. has eight 
hypersonic missile 
projects underway, but 
they are still years 
from completion.
BY HOPE HODGE SECK

1. Kh-47M2 Kinzhal
Nation: Russia | Length: 26 ft. 
(est.) | Weight: 4,400 lb. (est.) 
Range: 1,200 miles (est. 
Speed: Mach 10 

Russia broke through the hypersonic 
missile barrier first, launching the 
Kinzhal (“Dagger”) from a MiG-31 
fighter jet earlier this year. The Kinzhal 
is a modified version of the country’s 
Iskander, a ground-launched ballistic 
missile, but it has new aerodynamics 
and guidance systems that give it 
greater maneuverability. An advanced 
tail section and rudders allow the 
Kinzhal to evade air defenses, including 
the U.S. Patriot surface-to-air missile. 

“We had to create these weapons 
in response to the U.S. deployment 
of a strategic missile defense system, 
which in the future would be capable 
of virtually neutralizing, zeroing out 
all our nuclear potential,” Russian 
President Vladimir Putin stated in 
2020, referring to his country’s new 
hypersonic missiles.

Kinzhal can carry either a 
conventional warhead with 1,100 
pounds of explosive, or a nuclear device 
of up to 500 kilotons. And Russia seems 
intent on showing off the weapon’s 
capabilities. This year, Russia has 
fired at least three Kinzhals with 
conventional warheads during the war 
against Ukraine. The effect so far has 
been underwhelming—one of those 
rockets misfired and landed inside 
Russia, injuring six civilians, including 
a firefighter. Some defense analysts 
have even called the Kinzhal “quasi-
ballistic,” suggesting that it is less 
maneuverable than Russia claims.

2. 3M22 Zircon
Nation: Russia | Length: 30 ft. 
Weight: 4,400 lb. | Range: 540+ 
miles | Speed: Mach 9

The first hypersonic weapon that 
launches and attacks entirely with 
its own propulsion system will be 
entering service soon. Unlike the 
Kinzhal, which catches a ride on a 
conventional missile, Russia’s Zircon 
uses a supersonic combustion ramjet 
engine—or scramjet—to reach speeds 
up to Mach 9. Unlike rockets, which 
are propelled by an internal mixture 
of fuel and oxidizer, this air-breathing 
engine ingests and compresses oxygen 
just like a jet engine. Zircon reportedly 
will carry nuclear or conventional 
warheads, and it has a greater range 
and more maneuverability than Russia’s 
conventional short-range missiles. 

Russia says the weapon can be 
launched from submarines and ships, 
and a land-based version is reportedly 
also in development. Russian officials 
also claim that they have successfully 
tested Zircon and begun production, 
but it has yet to enter service. Admiral 
Nikolai Yevmenov, Commander-in-
Chief of the Russian Navy, told Russian 
news agency RIA Novosti in 2021 that 
the weapon has problems that need to 
be resolved before it’s ready for combat.

3. Objekt 4202 Avangard
Nation: Russia | Length: 18 ft. 
(est.) | Weight: 4,400 lb. (est.)
Range: 4,000+ miles | Speed: Mach 
20

If Russia were to use nuclear weapons 
in its war against Ukraine, they likely 
would be delivered by the country’s 
newest hypersonic missile, called 
Avangard, according to Dmitry 
Medvedev, deputy head of Russia’s 
Security Council. 

This hypersonic glide vehicle (also 
known as Objekt 4202)—it hitches a 
ride on a conventional ballistic missile, 
then detaches to “glide” at hypersonic 
speeds toward its target—is a new 
warhead for ICBMs. Russian officials 
say it could be fitted on the country’s 
RS-28 Sarmat Heavy ICBM, known by 
NATO as Satan-2, which has a range of 
more than 11,000 miles. 

Normal ICBM warheads follow a 
predictable path, which means they can 
be easily intercepted. But Avangard has 
jet-like moving control surfaces that 
allow it to change direction. Russian 
officials quoted in the country’s TASS 
news agency have claimed that it is 
“invulnerable to any missile defense 
system.”

Avangard reportedly can carry a 
two-megaton warhead. That’s about 
twice as powerful as the biggest U.S. 
nuclear weapon and about 130 times 
more destructive than the atomic bomb 
dropped on Hiroshima.

4. Dongfeng-17
Nation: China | Length: 36 ft. | 
Weight: 33,000 lb. | Range: 1,100+ 
miles (est.) | Speed: Mach 5+

Like Russia, China is ambitiously 
developing hypersonic weapons. One 
of the most significant is the DF-ZF 
hypersonic glide missile, which is 
carried by the country’s DF-17 “aircraft-
carrier killer” rocket. While U.S. carrier 
groups have defenses that can shoot 
down traditional missiles, this combo 
would be far more challenging. Unlike 
most ballistic missiles, the DF-17 has 
a flat trajectory. It cruises at relatively 
low altitudes—below 60,000 feet or so—
making it difficult to detect at long 
range. The DF-ZF would then detach 
and glide toward the target at speeds 
above Mach 5. 

China based the DF-17 on its existing 
DF-16B short-range ballistic missile 
and unveiled the new weapon in 2019, 
when it was seen being transported 
by a 10-wheeled launch vehicle. China 
claims the missile is already in service. 
That should worry opposing naval 
fleets: The speed and mass of the 
weapon make it more destructive than 
existing anti-ship missiles (the DF-17 
is about 20 times the size of America’s 
most common anti-ship missile, the 
12-foot-long Harpoon), and the kinetic 
impact alone of one striking a ship at 
a mile per second would likely inflict 
catastrophic damage.

5. Xingkong-2
Nation: China | Length: N/A  
Weight: 6,000+ lb. (est.) 
Range: N/A | Speed: Mach 6+

In 2018, China claimed it successfully 
tested a new hypersonic cruise missile 
unlike anything else. Similar to Russia’s 
Zircon, the Xingkong-2 (Starry Sky-
2) uses a scramjet engine, and it has
the sleek silhouette of a stealth plane.
But instead of wings, this missile is a
“wave rider.” The missile effectively
surfs on its own hypersonic shockwaves,
generating lift without the increased
drag that wings create. The U.S. tested
similar designs on the experimental
X-51 from 2005 to 2013 but never
produced a viable weapon. The
Xingkong’s scramjet engine and wave-
riding design should make it highly
agile with a long range, potentially with
intercontinental reach. But despite
successful testing, most analysts expect
that this hypersonic is several years
away from entering service.

6. WZ-8
Nation: China | Length: 67.5 ft.  
Weight: N/A | Range: N/A | Speed: 
Mach 6 to 7 (est.)

China unveiled another ambitious 
hypersonic project in 2019. Known as 
WZ-8, this uncrewed reconnaissance 
drone is believed to be the world’s only 
hypersonic aircraft. It is similar to the 
U.S.’s air-launched D-21 drone that is
capable of Mach 3—but even faster. The
WZ-8 is carried by a mothership, such
as the H-6K, a twin-engine bomber
that China has flown since 1969. After
release, the WZ-8 ignites rocket motors
and cruises at speeds around Mach 7
at altitudes higher than 80,000 feet
before returning for recovery. WZ
stands for Wu Zhen, or “no detection,”
a name generally applied to stealth
drones, so the WZ-8 likely will include
stealth features. Like the SR-71 before
it, the WZ’s speed and high ceiling
should allow it to outrun surface-to-air
missiles, making it a capable spy drone.
However, some analysts believe China
may equip the WZ-8 with a warhead,
using its disguise as an intelligence-
gathering drone to carry out a surprise
attack.

7. AGM-183A Air-Launched
Rapid Response Weapon
(ARRW)
Nation: U.S.A. | Length: 19.5 ft. 
Weight: 5,000 lb. | Range: 1,150 
miles | Speed: Mach 20

As the U.S. tries to catch up to China’s 
and Russia’s hypersonic missiles, one 
priority is to develop weapons that can 
rapidly strike land targets. The U.S. Air 
Force’s current JASSM air-to-ground 
missile is subsonic—and can take 20 
minutes to reach a target 250 miles 
away. A new hypersonic platform, called 
ARRW, will cover that distance in one 
minute flat. 

Still in testing, ARRW is launched 
from an aircraft and uses a boost-
glide system: A conventional missile 
accelerates it to Mach 5, then it 
detaches and glides at high speed 
toward its target. The Air Force 
successfully test-fired ARRW from a 
B-52 bomber in May and July this year. 
Afterward, Air Force officials suggested 
that the branch’s fleet of B-1 stealth 
bombers and F-15 jets could also be 
armed with hypersonic ARRW missiles.

8. Hypersonic Air-
Breathing Weapon
Concept (HAWC)
Nation: U.S.A. | Length: N/A 
Weight: N/A | Range: 350+ miles 
Speed: Mach 5+

The Hypersonic Air-breathing Weapon 
Concept, or HAWC, is a joint project 
between the U.S. Air Force and the 
Defense Advanced Research Projects 
Agency (DARPA) to develop and test air-
launched, hypersonic cruise missiles. 
Started in 2017, the project aims to test 
three primary aspects of hypersonic 
weapons: developing a scramjet 
engine, improving aerodynamics, 
and creating more effective heat-
management systems needed to survive 
the extremely high temperatures of 
prolonged hypersonic flight. Another 
priority: keeping production costs low. 
The Air Force has said it intends to 
procure large numbers of the weapon 
once it’s ready. Like ARRW, it will 
carry a conventional explosive warhead 
rather than a nuclear one, and it mostly 
likely would be used against battlefield 
targets such as command centers, 
radar and surface-to-air missile sites, 
communications, and ammunition 
dumps. Based on a successful third test 
flight this year, the U.S. Air Force has 
said that it will roll the technologies 
developed in the HAWC program into 
its Hypersonic Attack Cruise Missile 
(HACM). It expects the first hypersonic 
missiles to be combat-ready by 2027.

9. LGM-30 Minuteman III
Nation: U.S.A. | Length: 59.9 ft.  
Weight: 79,432 lb. | Range: 6,000+ 
miles | Speed: Mach 23+

The U.S. Minuteman III tops the list of 
the most fearsome ballistic missiles. 
For 50 years, it has been the mainstay of 
the U.S. land-based nuclear arsenal and 
an important deterrent against nuclear 
attack. A stockpile of 400 missiles waits 
in hardened concrete silos in remote 
areas of Colorado, Montana, Nebraska, 
North Dakota, and Wyoming with 
launch crews on alert around the clock, 
ready to retaliate against any nuclear 
attack. With a range of more than 6,000 
miles, traveling at speeds above Mach 
23, the Minuteman can strike virtually 
any place on the globe reportedly within 
400 feet of the target. 

The first Minuteman missiles, 
introduced in the 1970s, carried 
multiple warheads. But since 2001, 
following international nuclear treaties, 
a Minuteman now typically only carries 
a single 350- or 475-kiloton warhead. 
That’s smaller than the nukes arming 
Russia’s intercontinental missiles but 
still 20 to 40 times more powerful than 
the Hiroshima bomb. The U.S. claims 
that the weapon’s accuracy means it 
doesn’t require such a large nuclear 
payload. 

A replacement for the Minuteman, 
called the LGM-35A Sentinel, should 
go into service by 2029. While the 
Minuteman’s capabilities remain 
relevant, its aging equipment and 
infrastructure make it difficult to 
maintain—even finding spare parts has 
become challenging. The new weapon, 
built by Lockheed Martin, will be easier 
to maintain and upgrade with emerging 
technologies, including hypersonic 
re-entry vehicles.

10. MGM-140 Army
Tactical Missile System
(ATACMS)
Nation: U.S.A. | Length: 13 ft. 
Weight: 3,690 lb. | Range: 190 
miles | Speed: Mach 3+

The ATACMS is the U.S. Army’s most 
powerful weapon: a 13-foot missile 
fired from the same high-mobility 
artillery rocket system (HIMARS) 

Image believed to be the Xingkong-2



rocket launchers that the U.S. has been 
supplying to Ukraine. While HIMARS 
systems conventionally carry six 
rockets, a reconfigured version holds 
just one of the jumbo-size ATACMS 
rockets, which has five times the range. 
The army initially armed the larger 
missile with a cluster-bomb warhead 
to take out concentrations of tanks, but 
most ATACMS now carry a 500-pound, 
GPS-guided blast/fragmentation 
warhead developed to destroy enemy 
command centers, radar installations, 
ammunition dumps, and air bases.

Ukraine is pressing the U.S. to deliver 
ATACMS systems to further aid its 
defense—especially to hit longer-range 
targets, like Russian drone bases in 
Crimea. So far, the U.S. has resisted; 
officials cite concerns that the missiles 
could be used to attack positions inside 
Russia that would escalate the war.

11. JL-2 Giant Wave-2
Nation: China | Length: 42.5 ft.  
Weight: 93,000 lb. | Range: 4,500+ 
miles | Speed: Mach 20

Like the U.S. and Russia (and France, 
the U.K., and India), China operates 
a fleet of nuclear subs armed with 
submarine-launched ballistic missiles 
(SLBMs) as a retaliatory option 
against nuclear attacks. While land- 
and air-based nuclear weapons might 
be destroyed in a surprise nuclear 
attack, submarines remain safely 
hidden underwater. Their ability 
to counterpunch creates a strong 
deterrent.

Part of China’s rapid naval expansion 
includes plans to grow its submarine 
fleet from four Jin-class subs to 12. 
Each of them will carry 12 JL-2 nuclear-
armed SLBMs. And each missile will 
carry up to eight warheads, the most 
allowed by international nuclear 
treaties. Although smaller than the 
U.S.’s Trident D-5 SLBM, the JL-2 is
still potent, with a range of more than
4,500 miles and capable of reaching
speeds of Mach 20.

China is already working on the JL-3, 
a much larger missile with a range of 
over 7,500 miles. That missile will be 
carried on the country’s new supersize 
nuclear submarine, which it expects to 
be ready by 2030.

12. KN-22/Hwasong-15
Nation: North Korea | Length: 72 
ft. (est.) | Weight: 160,000 lb. 
(est.) | Range: 6,000+ miles (est.) 
Speed: Mach 11

While Russia and China push ahead 
with hypersonics and other advanced 
concepts, conventional weapons still 
pose the most immediate threat. North 
Korea has been steadily developing its 
ballistic missiles with the range needed 
to attack the U.S.

The Hwasong-15 (Mars-15), 
transported on a mobile, 18-wheel 
launcher, is North Korea’s most 
powerful weapon. Analysis of a test 
firing in 2017 suggested that it can 
hit targets more than 6,000 miles 
away, putting mainland America 
within North Korea’s range for the 
first time. This is a larger version of 
the Hwasong-12 that North Korea test-
fired over Japan this past October. 
The missiles, although generations 
behind what the U.S., China, and Russia 
possess, are now capable of delivering a 
nuclear warhead to almost any spot on 
the globe.

13. 3M-54 Kalibr
Nation: Russia | Length: 26.9 
ft. | Weight: 4,000–5,000 lb., 
depending on version | Range: 
200+ miles | Speed: Mach 0.8 

The Russian Kalibr has likely caused 
more destruction and civilian deaths 
in Ukraine than any other weapon. 
One month into the war, Russia had 
launched at least 183 Kalibrs at 
Ukraine, making it the most frequently 
used missile in the conflict. And that 
pace of bombardment has not slowed. 
According to Ukraine’s ministry of 
defense, 70 percent of Russian missiles 
hit nonmilitary targets. The size of 
Russia’s Kalibr stockpile remains 
secret, but the country reportedly has 
produced at least 100 of them per year 
since the early 2000s. Russia initially 
used Kalibrs as anti-ship cruise missile, 
but more recently has fired dozens of 
them from ships and submarines in its 
Black Sea Fleet against land targets. 

While not technically a hypersonic, 
the Kalibr does offer some of the same 
advantages. It is built around a two-
stage engine: The first delivers the 
rocket toward its target at cruising 
speeds up to Mach 0.8; then a second 
stage ignites, accelerating it to Mach 
3 on its final approach. The rocket 
remains maneuverable the entire 
duration, and flies at low altitude—
sometimes below 300 feet—making 
it difficult to detect and intercept. 
Despite those capabilities, the Kalibr 
has flaws: U.S. defense officials have 
claimed that as many as 60 percent 
of them do not reach their target, and 
some have been shot down by surface-
to-air missile systems. On September 
3, Russian forces fired five Kalibrs at 
Dnipro, Ukraine’s fourth-largest city, 
and Ukrainian air defenses knocked 
down all of them. 
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Is Death 
Real?
A mind-blowing 
scientific discovery 
could change what it 
means to die.
BY ESTHER LANDHUIS

ON DECEMBER 9, 2013, 13-year-
old Jahi McMath was checked 
in to Oakland Children’s 

Hospital in California for a routine 
tonsillectomy. She had sleep apnea and 
her parents believed that having her 
tonsils removed would improve her life, 
her sleep, and her relationships with her 
classmates. Each year, more than half 
a million people in the United States 
get this procedure. The vast majority 
have no complications. McMath was 
not so fortunate. About an hour after 
waking from the surgery, she started 
spitting up blood. In the middle of the 
night, her oxygen-saturation levels 
plummeted. Medical staff started 
working frantically to intubate her, but 
McMath’s heart stopped. As Rachel Aviv 
reported in a chilling 2018 New Yorker 
story, it would take several more hours 
to restore her heartbeat and breathing. 

Two days later, doctors declared 
McMath brain-dead. But with her 
body still warm and her skin still soft, 
her family disagreed. They fought 
in court to keep her on a ventilator. 
Eventually they raised enough money 
through a GoFundMe campaign to 
airlift McMath to New Jersey, one of 
the only states that allows families to 
refuse a death declaration on the basis 
of their religious beliefs. Nourished 
through a feeding tube and supplied 
with supplemental hormones, McMath’s 
body continued to grow and develop—
and even began menstruating.

In 2018, Jahi’s family’s attorney 
announced that she had died of 
complications from liver failure. Only 
then, five years after the tonsil surgery, 
“were all parties in mutual agreement 
that Jahi had in fact died,” says Michele 
Goodwin, chancellor’s professor and 
director of the Center for Biotechnology 
and Global Health Policy at UC 
Irvine School of Law. “It was quite the 
controversial case.”

And it’s not the only such case. Over 
the last 70 or so years, declaring death 
has gotten progressively messier. 
Scientific advances such as ventilators 
and life support have made it harder 
and harder to find the line between 
being a person and being a body. Now, 
mind-blowing experiments in pigs, and 
the development of a souped-up life-
support system called OrganEx, are 
reinvigorating a decades-old debate 
about how our lives end. While OrganEx 
is not yet available for use in humans, it 
was able to reverse some of the cellular 
changes associated with death in pigs. 
What does that mean? In studies, when 
pigs were hooked up to the system after 
being dead for an hour, they looked 
lifelike, their hearts restarted, and 
they even moved. But were the pigs still 
dead? And if a treatment like that ever 
makes it to humans, what happens to 
the next Jahi McMath?

T H E  D E A D  C O N T I N U E 
T O  L I V E

THE TECHNOLOGY THAT kept Jahi 
McMath looking alive for five years 
is one of the first threats to death as 
we know it, the modern ventilator. 
Ventilators, which started appearing 
in hospitals in the 1950s, save lives by 
pushing air into a patient’s lungs when 
the person no longer can breathe on 
their own. Their invention also created 
an ethical dilemma: If bodies could 
breathe indefinitely without recovering 
or decaying, when were doctors legally 
allowed to pronounce them “deceased?”

In 1968, a committee of experts met 
at Harvard Medical School to discuss 
the matter. The existing criteria for 
determining death were based on the 
ways people had died for centuries. 
When breathing stopped and a person 
had no pulse, they were no longer alive. 
Now, the group proposed adding a 
second criterion, the absence of brain 
activity. It made sense: The brain holds 
power over other organs, and controls 
breathing. There wasn’t, and still isn’t, a 
way to fix a nonfunctional brain. 

The timing of this decision wasn’t 
coincidental. Just one year prior, in 
1967, doctors had performed the 
first heart transplant. In addition to 
relieving the burden of prolonged, 
meaningless treatment, the new brain-
based approach to defining death 
could also ward off controversy over 
when doctors could retrieve transplant 
organs. If an organ donor’s brain was 
dead, their organs were fair game. 

A legal entity called the Uniform Law 
Commission, which is charged with 
clarifying and stabilizing complicated 
laws across the country, formalized the 
brain-death criterion in 1980. Most U.S. 
states have since adopted it. According 
to this law, a person is dead if they meet 
one of two conditions: “irreversible 
cessation of circulatory and respiratory 
functions” or “irreversible cessation 
of all functions of the entire brain, 
including the brain stem.” Over time, 
brain death became the more popular 
definition of biological death, and 
doctors codified this view in a 2019 
position statement by the American 
Academy of Neurology. Ninety-three 
percent of the organization’s surveyed 
members agreed that brain death is the 
equivalent of circulatory death.

Yet there have been rare cases, 
most conspicuously Jahi McMath’s, 
where medical interventions have 
successfully maintained a person 
for years after their brain no longer 
worked. “[Jahi] indeed went through 
puberty,” says Alex Capron, an expert 
in health policy and medical ethics at 
the University of Southern California 
Gould School of Law and Keck School 
of Medicine. If that’s true, and some 
endocrine functions can persist without 
brain activity, there’s room for critics 
to argue that the current standards 
are incomplete. And that was before 
scientists started trying to reverse the 
dying process in pigs.

A N  A C C I D E N T A L 
B R E A K T H R O U G H

YALE NEUROBIOLOGIST Nenad Sestan 
researches genes that control how 
neurons grow and form connections in 
the developing brain. To perform these 
studies, he orders slices of tissue from 
brain banks around the world. Eight 
or nine years ago, a specimen from 
London missed the plane. The extra 
day it took to arrive was presumed to 
be catastrophic: Cells die after several 
minutes without oxygen. It’s one of the 
first things Sestan recalls learning in 
medical school. 

But Sestan had already noticed that 
this wasn’t always the case. On several 
occasions, someone left a brain slab 
out a few extra hours before moving it 
into fluid for experiments, yet Sestan 
had still managed to recover living 
cells. So when the overdue brain arrived 
from London, Sestan asked one of 
his postdoctoral fellows to dissect a 
piece of it and let it grow in a petri dish 
containing cellular nutrients. “Maybe 
something will be there alive,” he said.

It worked; some cells grew. And then 
it worked again on a second brain the 
researchers sliced and recovered to 
make sure the results weren’t a fluke. 
Sestan started to wonder: If living cells 
could be preserved from a dead brain, 
why not try to revive the whole organ? 

Using assorted pumps, heaters, and 
filters to circulate a custom-made blood 
substitute, Sestan and his coworkers 
cobbled together a now-patented 
perfusion system, which they called 
BrainEx. They achieved stunning 
results. In a 2019 paper, the team 
described how BrainEx revitalized key 
features of pig brains retrieved from 
a slaughterhouse. Four hours after the 
pigs had died, neurons were firing, 
blood vessels were functioning, and the 
brain’s immune cells were chugging 
along. 

After the BrainEx paper came out, 
scientists and physicians inundated 
Sestan with ideas about what to do next. 
“Nenad was like, ‘Well, we should try 
definitely to answer as many questions 
[as we can] at once by trying to do 
this on the entire body,’” says David 
Andrijevic, MD, a research scientist 
who joined the lab at Yale shortly before 
Sestan published the BrainEx study.

Expanding from BrainEx to a whole-
body version, which the lab called 
OrganEx, presented several challenges 
as the team began the scale-up. In 
an isolated brain, you don’t have to 
deal with blood clotting and immune 
reactions, for example. Revamping the 
system took about three years.

At its core, OrganEx functions like 
extracorporeal membrane oxygenation, 
or ECMO, which is also called life 
support. It has a pump that mimics 
heart function and an oxygenator to 
mimic lung function. But OrganEx also 
includes a blood-filtration unit, plus 
additional pumps, tubes, and sensors, 
to make real-time measurements 
of metabolites, gases, electrolytes, 
and pressures. Then, there are the 
mixtures that the system pushes into 
the body: a priming solution to correct 
electrolyte and pH imbalances, a 
cow-derived hemoglobin that carries 
oxygen, and about a dozen drugs—
anti-inflammatories, anti-oxidants, 
antihistamines, antibiotics, and several 
neuroprotective agents. 

Basically, OrganEx adds a sort of 
cellular life support to traditional 
ECMO. It also revives the body more 
slowly. When cells have been deprived of 
oxygen for a while, suddenly connecting 
them to fresh blood can begin a cycle 
of stress and damage that kills them, a 
problem called ischemia-reperfusion 
injury. What you want instead is a kind 
of slow reanimation, a gentler process of 
reviving cells that have already begun to 
die. If that were possible, doctors might 
be able to extend the amount of time an 
animal could be dead before recovering. 
It might make more organs from more 
bodies recoverable for transplantation. 

It’s “ECMO on steroids,” Sestan says. 
He’s only half joking. OrganEx does 
contain a steroid, dexamethasone, 
although it’s not one that bodybuilders 
would find useful. 

T H E  P I G S  W E R E  D E A D

WHEN IT CAME time to test OrganEx 
on pigs, Sestan and his team at Yale 
anticipated a long day. It took about five 
hours to prepare solutions and ready the 
machines and another seven hours to 
conduct monitoring and measurements 
on 10 pigs. They worked on one animal 
at a time, each sedated and kept fully 
anesthetized. The scientists put a tiny 
electrode through a square-inch hole 
in each animal’s chest and touched 
its heart to induce cardiac arrest. Two 
monitors, one for the heart and one for 
brain activity, showed flat lines. The 
pigs were dead.

One hour passed. Then the real test 
began, as the scientists connected each 
motionless animal to the OrganEx 
system or, as a control, to a standard 
ECMO. The experiment was set to run 
for the next six hours, but the first and 
most obvious changes happened about a 
half hour in: Heart monitors connected 
to four out of five OrganEx-treated 
pigs began to light up. Peaked lines 
started moving in pulses across the 
screen. “It was like, whoa, whoa, what 
should we do now?” says Andrijevic. 
The hearts’ electrical activity had 
resumed spontaneously, without 
chest compressions or other obvious 
lifesaving measures.

The researchers peered into the 
pigs’ chest holes. “We saw it with our 
own eyes,” Andrijevic says. In every 
OrganEx pig that showed electrical 
activity on the monitor, the heart itself 
was visibly contracting. (None of the 
five animals in the ECMO-treated 
group showed any electrical activity or 
contractions.)

After six hours of perfusion, the 
researchers administered a euthanasia 
drug and disconnected the machine. 
They examined tissue from the pigs’ 
vital organs—including the heart, 
lungs, liver, kidneys, and brain—under 
a microscope. The cells’ shape and 
organization looked noticeably better 
in OrganEx samples compared with 
the samples from pigs given ECMO. 
Other tests showed restored activity 
of specific cellular repair genes after 
OrganEx treatment.

OrganEx was so effective that some 
changes were obvious to the naked 
eye. Treated pigs lacked typical signs 
of death such as muscle rigidity (rigor 
mortis) and purple discoloration (livor 
mortis). “The animal looks different,” 
Sestan says. “Trust me. You just see it.” 

When asked what else happened 
during the experiment, Andrijevic 
paused, then struggled for words: 
“What has raised a lot of eyebrows 
is…I’m not sure if you have noticed it, 
because we have tried, like, not to… 
We have mentioned it, of course… the 
‘movements.’” 

Andrijevic and his coworkers had 
performed a routine procedure during 
the perfusion. In preparation for 
imaging the brain, he says, they snaked 
a catheter into the pig’s neck and 
squirted contrast dye into the carotid 
artery. It’s a procedure that makes it 
easier to see blood vessels on an x-ray.

However, when the dye shot 
through the tube, something startling 
happened: The 70-pound slab of flesh 
appeared to turn its head. “It was just a 
few seconds. It was not like the animal 
was trying to walk out,” Andrijevic 
says. Yet it was not just a twitch 
either. Andrijevic calls it a “complex” 
movement and says it suggests that 
OrganEx perfusion can restore 
neuromuscular junctions, where nerves 
and muscle fibers meet. 

“What does it mean?” he asks. “We’re 
not sure.”

L I F E ,  E X T E N D E D

SCIENTISTS ARE STILL puzzling over 
what the OrganEx results mean. 
The experiments were performed in 
animals and have years to go before 
they could affect human medicine. Still, 
at a cellular level, they may show that 
death may not proceed as quickly or as 
finally as once thought. For the person 
who collapses from a heart attack and 
remains on the ground for 10 minutes, 
the findings raise a key question: How 
dead are they, really? 

Nowadays, if someone’s heart stops 
beating from disease or from a heart 
attack, they only have a 10 to 20 percent 
chance of making it out of the hospital 
alive, says transplant surgeon Robert 
A. Montgomery, MD, PhD, who directs
the NYU Langone Transplant Institute.
He has personally beat those odds.
Before receiving a heart transplant at
his own hospital in 2018, he needed
resuscitation on seven occasions
after suffering cardiac arrest from an
inherited condition that weakens the
heart muscle.

Montgomery now wonders if death 
could be “reversible” in situations 
like his own. One could imagine using 
OrganEx instead of ECMO to intervene 
after a cardiac arrest “before restarting 
the heart and hitting the brain with 
warm blood,” he says. Without the 
reperfusion injury that ECMO can 
cause, survival rates could improve. 

Problem is, the idea of reversibility 
hits right at the heart of the debate 
about the medical definition of death. 
According to a recent article in the 
Daily Beast, one question that cropped 
up when the Uniform Law Commission 
(ULC) met over Zoom to debate death 
again in March was whether to call 
it “irreversible” or “permanent.” 
Seema Shah, JD, a bioethicist at Lurie 
Children’s Hospital in Chicago, who 
attended the ULC’s virtual forum, 
says it can be hard to know what 
“permanent” means if you can restore 
function in cells. “That starts to call 
into question the different practices 
that we do,” she says. 

Lest this all sound like a thought 
experiment, consider that hospitals 
must constantly make difficult 
decisions that depend on whether a 
patient is really, truly dead. These are 
life-and-death choices made about 
your children, your parents, you. How 
much time, for example, should a doctor 
spend trying to save a dying patient? 
Which technologies are they required 
to try? When are organs available for 
donation? “If you want to transplant 
a heart, the longer you wait, the more 
damage will occur,” Shah says. “But if 
that heart is removed from one person 
and put into another, then that raises 
[another question]: If this heart can 
work in another body, why couldn’t it 
have worked in the body from which it 
was removed?” 

Medical teams must make these 
decisions quickly, under immense 
pressure, which means health 
disparities tied to age and race can 
surface, as documented in reports by 
the National Academy of Medicine 
and similar health organizations. 
Jahi McMath, for example, was Black, 
and her parents reported evidence of 
physician negligence in the hours before 
her death. “If the hospital had been 
more compassionate, would we have 
fought so much?” Jahi’s grandmother 
told Aviv in the New Yorker article. 
Part of the reason it was so hard for 
her family to believe she was dead may 
have been the amount of effort doctors 
appeared to put in (or not) to save her 
while she was alive. 

Even if it were available for use in 
humans, OrganEx almost certainly 
would not have mattered in McMath’s 
case. Still, it’s possible to picture a 
future in which it is used to preserve 
organs against the wishes of a family, 
used too late, or not used at all. Imagine 
the impact if the system ever caused 
the kind of head movements in a loved 
one that the Yale researchers observed 
in pigs. Ultimately making the right 
decisions under these circumstances 
won’t rely on the scientists who 
develop the new technology, but on 
philosophers, academics, and the 
law. As Shah puts it: “Is the way we 
determine death based on a legal 
construct, a social determination, or a 
biological fact?” 

For now, it’s often based on a lack of 
brain function, but you don’t have to go 
far in the history of medicine to know 
that nothing lasts forever. Maybe not 
even death. 

The family of Jahi McMath care for their daughter, who 
doctors declared dead in 2013 but lived—with the help of 
a feeding tube—for another five years.

An illustration showing how the OrganEx “blood” is 
delivered to vital organs an hour after death. Unlike 
current treatments, OrganEx revives the cells more 
slowly, a key factor in reviving dead cells. 

“THE HEARTS’
ELECTRICAL ACTIVITY 

HAD RESUMED 
SPONTANEOUSLY, 

WITHOUT  
CHEST COMPRESSIONS 
OR OTHER LIFESAVING 

MEASURES.”

“IS THE WAY WE 
DETERMINE DEATH  
BASED ON A LEGAL 

CONSTRUCT, A SOCIAL 
DETERMINATION,  
OR A BIOLOGICAL  

FACT?”



When the 
South Fork 
Dam Broke, a 
Pennsylvania 
City Washed 
Away. Which 
Town Is Next?
Our aging dams weren’t 
built to survive today’s 
extreme weather. 
BY DYLAN TAYLOR-LEHMAN

W ITNESSES DESCRIBED THE

60-foot wall of water as a 
churning black hill, clogged 

as it was with debris from the forests, 
railroads, and homes it had destroyed 
on its way down a valley in central 
Pennsylvania’s Allegheny Mountains. 
Survivors could hear the water coursing 
down the Conemaugh Valley, like the 
howl of a hurricane blowing through the 
mountains. They saw the tops of distant 
trees bend under the pressure. By then, 
it was too late to escape.

On May 31, 1889, the collapse of 
the South Fork Dam released almost 
the entirety of a manmade lake into 
the narrow valley below. The water—
495 million cubic feet of it, enough 
to fill more than 13 Empire State 
Buildings—scoured bare the hillsides 
and the budding fields and entire small 
towns on its way toward Johnstown, an 
industrial city with more than 30,000 
residents.

When a train conductor saw the 
deluge coming, he flipped into reverse 
and sped backward to warn people in 
the flood’s path, blasting a protracted 
whistle that everyone knew meant 
danger. But the train itself was swept off 
its tracks and swallowed by the roiling 
abyss. The water continued its hellish 
stampede and annihilated the Gautier 
Steel Works barbed-wire factory, adding 
miles of razor-sharp metal to the mass 
of debris.

Approximately 57 minutes after 
the dam collapsed, the water had 
traveled almost 15 miles, obliterating 
most of downtown Johnstown. More 
than 2,200 people died, making the 
Johnstown Flood the worst single-day 
loss of civilian life in American history 
up to that point. It remains the worst 
dam failure the United States has ever 
seen. And among disasters not related 
to weather, only the bombing of Pearl 
Harbor and the 9/11 terrorist attacks 
have resulted in more deaths.

The failure occurred just as the 
U.S. had begun pouring money into 
massive federal dam projects. In 1866, 
Congress appropriated approximately 
$3.7 million on dam and waterway 
programs. By 1882, the government 
spent five times that much, earmarked 
for 371 dam and waterway projects 
across the country. With national 
attention on building dams, the 
American Society of Civil Engineers 
quickly dispatched a commission 
to investigate the flood. Two years 
later, the group issued a seemingly 
comprehensive report about what 
had led to the collapse of the dam. 
But only in the past decade have we 
gained a more accurate picture of 
what transpired that tragic day. Using 
new technology, researchers at the 
University of Pittsburgh at Johnstown 
have created a precise look at the 
hydrological processes that led to 
the catastrophe. Their research has 
clarified the historical record and 
underscores sobering lessons that still 
apply to dams and waterways today.

The Johnstown Flood was one of the worst manmade 
disasters in American history. New evidence shows that 
it might have been prevented, potentially saving more 
than 2,000 lives.

A wall of water six stories high raced down the 
Conemaugh Valley, which slices through central 
Pennsylvania.

Constructing the 
World’s Largest  
Earth Dam
CENTRAL PENNSYLVANIA’S CONEMAUGH

Valley is a narrow, winding path 
through the Allegheny Mountains, 
where the region’s abundant streams 
and rivers drain down into the lowlands. 
Small towns were built in the hills to 
take advantage of the waterways.

In the early 1800s, canals were 
crucial to the area’s industry, and an 
ingenious system had been developed 
to bring barges over the mountains 
via a series of inclines that rose 1,400 
feet over 36 miles. The canals, which 
ran east toward Ohio, were designed to 
compete with the Erie Canal. But the 
erratic weather was a problem. Intense 
periods of rain were often followed 
by long dry spells, and sometimes the 
canals went almost dry in the summer. 
The South Fork Creek, a tributary of the 
Little Conemaugh River, was dammed 
approximately 15 winding miles east 
of Johnstown to build a reservoir that 
would keep the canals supplied with 
water. Designs for the dam were drawn 
in the 1830s, but financing issues 
halted progress, and some of the work 
washed away in the years between 
periods of active construction.

The South Fork Dam was finally 
finished in 1853 and stood 72 feet tall 
and around 900 feet across, with a 
base thickness of more than 220 feet 
tapering to a top ridge 10 feet wide. 
The dam was known as a “gravity dam” 
because its own weight acted as a force 
to secure it in its bedrock foundation 
and resist the outward pressure of the 
water it contained. The upstream side 
(or the side underwater) consisted 
of horizontal layers of “puddled” 
clay, which were soaked in water and 
compacted to make them watertight. 
The clay slope was covered with a layer 
of cement and heavy stones, and the 
downstream slope was made of earth 
and massive boulders called riprap. 

At the bottom, located near the 
middle of the dam, was a stone culvert 
with iron pipes that drained water to 
the river. That runoff, with a control 
tower nearby, fed the canals. A 98-foot-
wide spillway was carved into the 
rock on the northeast side of the dam, 
a stunning feature that guided the 
overflowing water to the river below. 
Engineers added a smaller spillway on 
the southwest side of the dam. Although 
its size dwarfed most dams of the 
era, the South Fork Dam used proven 
construction methods—nothing about 
the design should have concerned the 
engineers who built it, or the thousands 
of residents living in its shadow. 

Once the dam was complete, 
Lake Conemaugh, or the South Fork 
Reservoir, as it was commonly called, 
quickly filled behind it. The lake was 
nearly two miles wide and a mile 
long at its widest points, covering 
approximately 465 acres. But in 
the time that it took construction 
crews to complete the dam, railroads 
had begun to dominate industrial 
transportation. The canals—and 
therefore the reservoir—had become 
irrelevant less than a year after the 
dam was completed. The dam, lake, 
and surrounding acreage was sold by 
the state to the Pennsylvania Railroad 
in 1857, which wanted the rights of 
way that came with the property. 
Little came of that deal, however, 
and 22 years later, a group of wealthy 
investors bought the land and then 
opened a retreat for Pittsburgh’s elite 
on the idyllic reservoir. The South Fork 
Fishing and Hunting Club was known 
for its “sailboats up in the mountains,” 
and its members included millionaire 
industrialists like Andrew Carnegie 
and Henry Clay Frick. 

There had long been visible problems 
with the dam regardless of who owned 
it. Small leaks were commonplace, with 
numerous streams of water creeping 
down its face. Neighbors routinely stole 
lead fittings from around the culvert, 
allowing water to seep into and corrode 
the interior of the dam. The puddled-
clay blocks were taken and used in the 
foundations of a nearby home and barn. 
In 1862, just 15 years after completion, 
a section around the culvert collapsed 
and most of the lake drained through 
the dam. Luckily, the dam operator 
caught the breach in time and opened 
the culvert pipes to relieve some of 
the pressure, preventing any serious 
damage or uncontrollable flooding. 
Despite several signs that the dam was 
degrading, it was neglected over the 
years as its various owners attempted to 
sell the land. Residents began to worry.

The South Fork Fishing and Hunting 
Club was not well known to the people 
of Johnstown, who were envious of the 
splendor but kept off the vast acreage 
of private property, historian David 
McCullough notes in The Johnstown 
Flood. The reservoir was very well 
known, however, and rumors about 
the dam’s imminent collapse were 
commonplace. “I doubt if there is a man 
or a woman in Johnstown who at some 
time or other had not feared and spoken 
of the terrible disaster that might 
ensue,” recalled one survivor in a later 
interview. 

A Perilous Situation
TODAY, TWO LARGE sections of the 
South Fork Dam remain on either side 
of the Conemaugh Valley, massive 
mounds now covered with trees and 
grasses that abut the valley walls. 
They are reminders of how enormous 
these structures can be, and the 
catastrophic damage they inflict when 
they fail. And fail, they do. According 
to the Association of State Dam Safety 
Officials (ASDSO), there have been 
around 1,600 dam failures in the 
United States since the South Fork 
disaster, resulting in approximately 
3,500 deaths. On average, 20 of the 
90,000 dams in the U.S. fail each year. 
Luckily, many of those problems occur 
in smaller dams that don’t release 
enough water to cause significant 
damage.

Charles Thompson, the ASDSO 
president, points out that our 
understanding of geology and dam 
construction has greatly increased 
since the South Fork Dam was begun in 
the early 1830s. Engineers and planners 
can better anticipate the potential 
damaging effects of seismic loading 
and heavy rainfall. But as with South 
Fork, the real concern usually isn’t 
construction, but rather upkeep. In the 
U.S., we simply don’t have the resources
to inspect and maintain the staggering
number of dams on our waterways. In
fact, the integrity of dam infrastructure
in the United States is more precarious
than we might want to believe.

The average age of a U.S. dam is more 
than 53 years old. That’s a lot of time 
for water, whether through force or by 
corrosion, to wear on the structure of 
a dam. Anything made of metal, such 
as the drainpipes that are essential 
to control water levels and prevent 
breaches, will corrode and weaken over 
time, says Mark Baker, founder and 
co-chair of ASDSO’s Dam Failures and 
Incidents Committee. Older dams used 
formulations of concrete with minerals 
and aggregate that have caused it to 
corrode over time, he says. Plus, many 
dams are in regions that experience 
frequent freezing and thawing—a cycle 
that can harm the integrity of a dam 
the same way it can create potholes on 
our roadways. But unlike potholes, the 
deficiencies inside a dam are difficult to 
monitor.

The potential consequences can be 
serious. In February 2017, heavy rains 
damaged the spillways on the 770-foot-
tall Oroville Dam in California, leading 
to the evacuation of 188,000 people. 
In August 2021, the remnants of 
Hurricane Ida caused water to overtop 
a dam in the Conemaugh Valley near 
Johnstown and required the evacuation 
of about 3,000 people. 

According to ASDSO’s Cost of 
Rehabilitation Report, it would take 
around $75.7 billion to repair all non-
federal dams. Funds are available 
through FEMA and the U.S. Army 
Corps of Engineers for dam repair, 
and the recent Infrastructure Jobs Act 
contains provisions for rehabilitation, 
but any kind of dam repair is an 
enormous undertaking, Thompson says.

“We have learned a lot over the years 
about how to build good dams, but 
every dam is unique. There aren’t too 
many off-the-shelf designs you can 
put together for a dam,” he says. “It’s 
difficult to do these projects; they’re 
technically complex and very expensive. 
Dam owners across the country 
need funding, but they also need the 
technical support.”

In the case of the South Fork Dam, 
the lack of maintenance almost 
looked like deliberate neglect, or at 
least seemed to suggest a remarkable 
indifference to fixing obvious 
structural issues. The leaks that flowed 
down its face between rocks were 
explained away as “natural springs” to 
the South Fork Hunting and Fishing 
Club’s curious members. It wasn’t until 
1879 that the Club began repairing 
some of the damages from the partial 
collapse of the culvert in 1862 that led 
to a continuous leak at the bottom of the 
dam. 

But the Club didn’t hire hydrology 
experts or professional engineers 
to strengthen the dam. Instead, its 
laborers filled depressions with dirt, 
shale, hay, manure, old bricks, and 
“cheap and easily attainable coal- and 
clay-mining wastes” that were not 
“puddled” and were barely compacted. 
The crest of the dam had been lowered 
by two feet, ostensibly to widen the 
footpath to accommodate carriages, 
bringing the top of the dam within 
six feet of the water. The riprap used 
on repaired parts of the dam was 
undersize. The work on the dam 
completely prevented drainage: There 
had been no attempt to replace the five 
sluice pipes after they were removed 
and sold for scrap, and the Club placed 
screens in front of the spillways to 
prevent the stocked fish from escaping. 

Only a few residents of Johnstown 
were members of the Club, including 
Daniel J. Morrell, founder of the local 
steelworks and a town patron. He 
recognized just how vulnerable the 
town was, situated as it was between 
two steep mountain valleys where 
the surrounding waterways converge 
on an almost level floodplain. Most 
of downtown Johnstown’s business, 
industrial, and residential areas were 
built on this plain, and flooding—
sometimes filling stores with a foot 
of water—was practically a seasonal 
occurrence. Morrell was bothered by the 
condition of the dam and in 1880 hired 
an engineer and geologist to report 
on the problems; he then offered to 
contribute generously to proper repairs. 
But Morrell’s suggestions were rebuffed 
by the Club, which was now aware of the 
dangers but apparently unconcerned. 

Then the Dam Broke
HEAVY RAINS WERE falling on the 
evening of May 30, 1889, driven by a 
storm system that originated across 
Kansas and Nebraska before heading 
east over Pennsylvania. They weren’t 
considered particularly unusual until 
the next morning, when the rivers and 
creeks would not stop rising. Survivors 
recalled children playing in the flooded 
streets with makeshift boats in ankle-
deep water. The water kept coming. 
By 10:44 a.m., the surge had washed 
away the town’s rain gauge, and by 
noon, according to a local reporter, it 
had reached levels “higher than ever 
known.” 

The workers up at the South Fork 
Dam kept a wary eye on the rising 
water. The Club’s resident engineer was 
a recent college graduate with no dam 
experience who had spent the preceding 
months overseeing the installation of a 
plumbing system for the resort. As the 
waters rose behind the dam, he directed 
a group of workers to fortify the edifice. 
At first, they built up the ridge on its 
crest to prevent overflowing. When 
that proved unhelpful, they tried to 
deepen the spillways to allow more 
water to escape. But the crew soon hit 
impenetrable bedrock and could only 
watch as water lapped at the crest of the 
dam. Soon enough, water began pouring 
over the top and through a sag that had 
formed in the middle, a depression 
from the uncompacted fill placed years 
earlier that nobody had bothered to 
repair. 

“The greatest risk that can befall 
any earthen dam is to be overtopped. 
You want to avoid that at all costs,” 
says Neil M. Coleman, a professor 
in the Department of Energy and 
Earth Resources at the University of 
Pittsburgh at Johnstown. “If water 
flows over the top of the dam, erosion 
can happen very quickly,” he says. 
“It will start eroding the top of the 
dam itself, but as it flows over, it 
starts tearing out the material in the 
downstream side, the toe of the dam. 
If you undermine that side, a break can 
occur.”

Observers attempted to send 
messages warning of the increasing 
danger by way of telegraph and by 
riders on horseback, who were able to 
reach Johnstown despite the morass of 
mud and flooding affecting almost the 
entire route. In spite of the significant 
rains and floods, many residents didn’t 
take seriously the threat of the dam 
breaching and stayed put, focusing on 
shoring up their homes. Train tracks 
had been washed out to the east and 
west of Johnstown, stranding the 
locomotives, but passengers stayed in 
the train cars to wait out the storm.

Back at South Fork, the water 
finally washed away a large chunk of 
the downstream side of the dam in a 
slurry, weakening the dam’s structure. 
The loose fill in the middle of the dam 
allowed the water to penetrate and 
turn the interior structure to a semi-
solid state, Coleman says, weakening 
it to the point that it began to collapse 
from the inside out. All hell finally 
broke loose sometime between 2:50 and 
2:55 p.m. The Club’s engineer had long 
since retreated to a nearby hill after the 
fruitless attempts to carve out a bigger 
spillway and saw the dam disappear in 
one massive push. “It is an erroneous 

Despite its massive size—stretching about 900 feet across 
the valley—the South Fork Dam used a proven design that 
should have survived the storm that toppled it. 

Remnants of the South Fork Dam reveal its colossal size.

“With a 
tremendous 
rush that 
made the hills 
quake, the 
vast body 
of water… 
poured...into 
the valley 
below.”

When the dam broke, 424,000 cubic feet of water per 
second came barreling toward Johnstown, swallowing 
buildings and trains that were stuck on the tracks.



opinion that the dam burst. It simply 
moved away,” he later said.

“Only a few minutes were required 
to make an opening more than 300 
feet wide and down to the bottom. I 
watched it until the wall that held back 
the waters was torn away, and the entire 
lake began to move, and finally, with 
a tremendous rush that made the hills 
quake, the vast body of water…poured...
into the valley below,” wrote Reverend 
G.W. Brown, who was watching from 
nearby. 

The water poured forth at an 
estimated 424,000 cubic feet per 
second, similar to the average 
discharge of the Mississippi River. 
Or, as McCullough writes, “it was as 
if someone turned on Niagara Falls to 
spill into the valley for 36 minutes.” The 
mass of water crashed down through 
the valley, claiming its first victim in 
the nearby town of South Fork. The wave 
rose to 70 feet, smashing down trees, 
bridges, and a 75-foot-tall stone viaduct 
as if they were toys. Friction meant the 
water on top of the wave was moving 
faster than the water below, creating a 
churning force that annihilated much 
of valley towns like Mineral Point 
(population 200) and East Conemaugh 
and its substantial train yards, 
sweeping hundreds of train cars and 
engines into the wave. In some places 
the land was completely denuded—
everything human and natural removed 
as it was scoured down to bedrock. 
The same fate awaited Woodvale, 
just outside of Johnstown, where 300 
people were killed and the destruction 
of the barbed-wire factory added to the 
unfolding horror.

People in Johnstown took a cautious 
sigh of relief not long before the water 
hit, as it appeared the floodwaters were 
receding. But a “roar like thunder” 
suddenly echoed through the town and 
the water came crashing straight into 
the heart of the city. Everything in its 
path—stores, factories, barns, homes, 
animals—was swept up in the black, 
debris-choked wave, which spread 
across the city as the land flattened 
out in the valley. The water rode up 
against the hills surrounding the town, 
causing a backward surge that hit 
the city from a second direction and 
destroyed the buildings and homes that 
had escaped the first pass. Wreckage 
accumulated at a stone bridge in town 
and created a temporary blockage 
higher than the bridge itself. Though 
it is unclear what caused it (perhaps a 
coal stove or oil from a train car), the 
pile erupted in flames, burning to death 
at least 80 people trapped in the homes 
and buildings that had sailed on the 
floodwaters and backed up against the 
bridge. A newspaper editor watched 
in horror as people were subjected to 
“cremation in your own home, perhaps 
a mile from its foundation; dear ones 
slowly consumed before your eyes, and 
the same fate yours a moment later.” 

By the end of it, four square miles 
of downtown Johnstown had been 
turned into a muddy, corpse-strewn 
hellscape. A photo taken just after the 
flood shows a tree sticking horizontally 
out of the window of a house that had 
been carried off its foundation, one of 
1,600 residences that were destroyed. 
Though the six people in that house 
miraculously survived, the final death 
toll stood at 2,208 with more than 
25,000 people displaced. According to 
Richard Burkert, CEO and president 
of the Johnstown Area Heritage 
Association, it was not until July 10—41 
days later—that a day passed without 
the recovery of a corpse. Bodies turned 
up 600 miles away in Cincinnati, and as 
late as 1911. 

How Could This 
Happen?

ACCOUNTS OF THE devastation almost 
immediately resounded through 
the world, and rescue efforts were 
mobilized to provide food, dry clothes, 
and medical attention to the tens of 
thousands of cold, wet, and hungry 
survivors. Word quickly spread that 
a failure of the South Fork Dam 
caused the deluge, and a contingent of 
infuriated residents made their way 
to the Club looking for the wealthy 
members who’d apparently been 
cavalier about the lives of the people in 
the valley below. The Club’s members 
were mostly in Pittsburgh when the 
dam broke. When the distraught 
survivors didn’t find anyone at the 
club, they destroyed many of the club’s 
cottages.

While the average member of the 
Club knew little or nothing at all about 
the condition of the dam before it 
broke, many avoided media questions 
or refused to assist with rescue efforts, 
creating an air of guilt. While people 
around the world collectively sent 
millions of dollars in donations, the 
wealthy Club members offered only a 
few thousand dollars and a thousand or 
so blankets. 

The perception of their indifference 
was strengthened by the report 
published in 1891 by the American 
Society of Civil Engineers, which sent 
a commission composed of some of the 
top hydrologists of the day to study the 
catastrophe. Among them was ASCE 
president William E. Worthen, who was 
an industrial engineer that had built 
numerous dams and mills. Joining 
him was James B. Francis, a dam and 
canal expert and past president of the 
organization. The group was forthright 
in its findings, calling out issues with 
the dam’s construction and negligent 
repairs over the years.

Among its findings, the report 
concluded that, to save money, the 
state of Pennsylvania failed to include 
a masonry ‘heart wall’ in the middle 
of the dam, which would’ve provided 
a vertical structural support for earth 
and riprap to be built around. The 
ASCE report also faulted the South 
Fork Hunting and Fishing Club for 
the unprofessional quality of the work 
it commissioned, which “materially 
diminished the security of the dam.”

Despite those findings, the report 
came to the conclusion that the dam 
would have eventually failed on its own 
despite the breadth of unprofessional 
work the Club had undertaken. “[The 
breech] occurred a little earlier in the 
day on account of the changes,” but 
disaster would have happened either 
way given a storm of appropriate size, 
just like the one that rolled through 
central Pennsylvania on May 31, 1889.

That didn’t sit right with Mr. 
Coleman, the professor at University 
of Pittsburgh at Johnstown, who’d 
learned of the Johnstown flood 
growing up in Pennsylvania. Drawing 
on extensive hydrological experience 
as a geophysicist who has studied the 
Little Conemaugh River watershed, he 
found what he thought were troubling 
inconsistencies and omissions from the 
1891 ASCE report. The investigating 
committee didn’t acknowledge that 
the Club had lowered the crest of the 
dam by almost a meter, for example, 
and the southwest emergency spillway 
was not included in the hydrological 
calculations used in the report to 
determine why and when the dam 
failed. “Seeing the report by some of the 
most prominent engineers of their day 
and the things they overlooked made no 
sense,” he says. He began to study the 
hydrology of the disaster in an attempt 
to comprehend how the ASCE made 
what he thought were glaring errors.

Coleman and his colleagues 
conducted on-the-ground research of 
the remains of the dam and compiled 
contemporaneous newspaper articles, 
help-wanted ads, worker and survivor 
testimonies, and even the journals 
of the original builders to recreate 
the conditions of the dam the day it 
collapsed. The team ran geographic 
information systems (GIS) analyses of 
light detection and ranging (LiDAR) 
readings of the valley previously at the 
bottom of the lake to determine the 
precise water volumes when the dam 
failed, and developed storage-elevation 
and spillway-rating curves comparing 
the dam as it was originally built and as 
it was modified by the South Fork Club. 
Modern research also reconciled some 
discrepancies (such as culvert-pipe 
length in the original build and influx 
of storm discharge) used by the ASCE 
commission in their calculations. Taken 
together, these modern techniques 
provided a much more accurate picture 
of what the ASCE’s commission report 
intended to do. The team published 
their research in 2013 and 2016 papers 
and expanded upon it in Coleman’s 
2019 book, Johnstown’s Flood of 1889. 

Their calculations found that adding 
0.9 meters to the dam’s crest—basically 
bringing the dam to its original height 
before the Club built the carriage path 
across it—would have allowed it to 
store an additional 1.6 million square 
meters of water without overtopping. 
Ultimately, as opposed to the ASCE’s 
conclusions published in 1891, Coleman 
and his colleagues found the dam would 
have survived hydrologically had it 
not been for the repairs commissioned 
by the Club. “Even if extremely high 
lake inflows had continued unabated, 
overtopping of the dam at its original 
design height would have been averted 
for around 14 hours,” Coleman wrote. 
“In the absence of alternate failure 
mechanisms such as piping, the dam 
would have been preserved because 
lake inflows would have substantially 
diminished during the afternoon and 
evening.” 

Coleman doesn’t doubt the 
investigating engineers carried out 
their work using the best methods 
available to them at the time, but 
his team’s research into the report 
showed rounds of anonymous edits 
and repeated delays in publication that 
seemed designed to minimize the Club’s 
responsibility and report the findings 
to the public only after some of the 
anger about the disaster had subsided. 
Importantly, the team also noted that 
social connections between members 
of the ASCE and the South Fork Club 
likely influenced the conclusions the 
commission reached. 

“The fact that it contains so many 
important omissions tells me that 
someone edited stuff out of this report,” 
Coleman says. “All I can go by is the 
science and engineering in the report 
and the things that are missing that 
don’t make sense.”

Withstanding  
Extreme Weather
WHEN THE ASCE report failed to assign 
fault for the dam breaking, it shielded 
the state of Pennsylvania and the 
South Fork Hunting and Fishing Club 
against lawsuits. Flood survivors never 
received compensation for the tragedy, 
and despite the colossal death toll, the 
U.S. continued to construct dams at 
a frenzied pace with little additional 
oversight or regulations. But floods 
continued to occur across the country.

Johnstown suffered another 
devastating flood in 1936, one that 
caused nearly $1 billion in damages 
(in today’s dollars). Improved 
communication systems helped warn 
residents earlier, and only 25 people 
died in that disaster. But Congress 
noticed and passed legislation in 1936 
and 1937 that authorized the federal 
government to construct dams, levees, 
and other flood-control measures 
in flood-prone areas in response to 
disasters affecting much of the country 
around that time.

In Johnstown, the Works Progress 
Administration added nine miles 
of flood-control improvements, and 
thousands of area residents embarked 
on a letter-writing campaign when work 
was completed in 1943, telling friends 
and family across the country that 
Johnstown was now “Flood Free” and 
“A Good Place to Live, Work, and Do 
Business.” 

Higher safety standards, better 
understanding of hydrology, and 
engineering improvements have 
facilitated the construction of massive 
dams whose sheer size would have been 
unthinkable in the mid-19th century. 
On the other hand, the same problems 
affect dams now as they did then—
infrastructure ages, and there are often 
limited resources to maintain and 
update these immense structures. 

The challenge of climate change 
further stresses to aging dams. Extreme 
weather events, including more forceful 
and abundant rains, that exceed 
what many dams and engineered 
waterways were designed to withstand 
are increasingly commonplace. Rising 
atmospheric temperatures increase 
water molecules in the air; when it falls 
as rain and is collected across large 
areas that feed a water system, the 
prospect of heavier and more frequent 
flooding rises in areas historically 
known for regular inundations. 

The Pennsylvania Department of 
Environmental Protection reports that 
precipitation in the state has increased 
between 10 and 20 percent over the last 
century. That’s enough to overwhelm 
dams, but a nominal amount compared 
to other regions in the United States. 
Some places in the northeastern United 
States have experienced a 70 percent 
increase in heavy-rain events between 
1958 and 2010. In dry areas, drought-
fueled wildfires burning above spillways 
can fill reservoirs with sediment, 
which can more easily overtop dams 
and impede spillways, says ASDSO 
President Charles Thompson. “That’s 
a whole new problem we’re facing and 
trying to get our hands around now.” 

The race is on to keep up with aging 
dams and stay ahead of changing 
weather patterns to prevent another 
Johnstown-like disaster. Through his 
own research into one of the country’s 
deadliest manmade disasters, Coleman 
knows the stakes involved. 

“It’s becoming clear that there 
are floods in this country that are 
happening in places that are above what 
the old flood maps showed were flood 
lines,” Coleman says. “People are seeing 
floods their parents didn’t see, their 
grandparents didn’t see.” 

The initial report on the dam failure cleared the South 
Fork Hunting and Fishing Club of liability, but the 
apparent greed of the Club owners made them the 
subject of parodies in the media. 

Illustrations based on firsthand accounts reveal some 
of the devastation. Entire houses were swept off their 
foundations and destroyed by the churning floodwaters. 

Only after the flood subsided were survivors able to 
photograph the destruction. While donations poured 
in from across the globe, the South Fork Hunting and 
Fishing Club contributed only a few thousand dollars plus 
blankets to the efforts. 
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The Navy’s 
New $13 
Billion Aircraft 
Carrier Is 
Already 
Obsolete. This 
Weapon Can 
Save It.
Defending against 
hypersonic missiles and 
swarms of drones won’t 
be easy.
BY ALEX HOLLINGS

O
N OCTOBER 4, America’s newest 
aircraft carrier, USS Gerald 
R. Ford, deployed for the first
time amid rising tensions

across the Pacific and uncertainty about 
the role these seafaring behemoths will 
play in the future of warfare.

The $13.3 billion Ford is the largest 
and most expensive warship ever to 
sail. It boasts a sprawling five-acre 
flight deck and new technologies aimed 
at making it (and carriers like it) the 
world’s most powerful well into 2050 
and beyond. The vessel holds four 
squadrons of fighters on board and a 
bevy of support and tactical aircraft—
more than 60 planes in all, though it 
can accommodate as many as 90. Its 
airpower exceeds that of at least 60 
nations, and it houses more stealth 
fighters than are found in all of Russia’s 
armed forces.

Ford stands more than nine stories 
above the waterline and weighs 97,000 
tons. That’s 32,000 tons heavier than 
the largest battleships of World War 
II. But big doesn’t mean slow. Powered
by a pair of advanced A1B nuclear
reactors, the ship has nearly three
times the power of America’s existing
supercarriers, about 300 megawatts
of electrical power in all, according to
the Navy. Seeing it on the water is like
watching a New York City block cruise
past at 34 miles per hour.

But new anti-ship missiles from 
China, some capable of maneuvering 
at hypersonic speeds above Mach 5, 
threaten to render Ford and the Navy’s 
entire Pacific Fleet obsolete. In the 
same way that an emerging technology 
in World War II—squadrons of attack 
planes—was deployed by Japan to sink 
the most powerful U.S. and British 
battleships, these new missiles have 
the potential to wipe out the most 
advanced ships currently sailing the 
oceans.

A sobering report from the 
Congressional Research Service, 
updated in August 2022, points to 
concerns “about the survivability 
of Navy surface ships in potential 
combat situations against adversaries, 
such as China, that are armed with 
large numbers of UAVs and anti-ship 
missiles, including advanced models.” 

While Russia also possesses 
hypersonic weapons, China worries 
the Navy most. The country has 
aggressively scaled the size of its 
naval fleet in the past decade and has 
developed several anti-ship weapons—
including highly maneuverable 
hypersonic missiles capable of reaching 
Mach 10. China isn’t hiding the fact 
that those weapons are intended 
to repel American ships; one of its 
weapons-testing sites tucked away in 
the Taklamakan Desert has full-size 
mock-ups of U.S. aircraft carriers that it 
uses for target practice.

China’s buildup comes at a precarious 
time for the region. The country claims 
sovereignty over nearly all of the South 
China Sea, extending thousands of 
miles from its own shores. Those 
territorial lines are heavily disputed; 
international law recognizes territorial 
claims only 12 nautical miles offshore. 
America’s allies in the region rely on 
our naval presence to maintain free 
shipping lanes, says Jason Lyons, a 
retired Marine and former CIA officer. 
That puts the Pacific Fleet within range 
of China’s anti-ship missiles and drones 
without the ability to reliably defend 
itself or mount a counterattack; neither 
of the fighters operated aboard U.S. 
flattops (the F/A-18 Super Hornet and 
F-35C Joint Strike Fighter) can reach 
targets farther than about 700 miles 
away. That’s not just a problem for the 
U.S. Navy. It’s an existential crisis.

Ford and ships like it have a battery 
of antimissile defenses, but none are 
capable of protecting it in a prolonged 
battle against China’s latest weapons. 
To maintain dominance in the Pacific—
to just keep its ships afloat—the Navy 
is going all in on a new technology that 
has remained out of reach for decades: 
the laser. The benefits are tantalizing. 
Powered by a large fuel source—Ford’s 
hulking nuclear reactors fit the bill—
lasers fire at the speed of light, negating 
the speed of hypersonic weapons; they 
can reload quickly to fend off swarms 
of drones; and they don’t require stores 
of ammunition, giving ships nearly 
unlimited firing opportunities.

That is the Navy’s hope, at least. 
Defense contractors have recently 
tested lower-powered lasers—one even 
shot down a drone earlier this year—
but a reliable laser with enough power 
to stymie hypersonic missiles is years 
away. Nevertheless, the Pentagon 
has confidence in the emerging 
technology—so much so that this year, 
it canceled research into two other 
promising weapons, rail guns and 
special gun-launched guided projectiles 
(GLGPs), that it had hoped could defend 
its fleet against modern weapons. With 
those projects shelved, the question is: 
Can the Navy develop this technology 
quickly enough to thwart a threat before 
it’s too late?

IN 2021, THE Biden Administration 
formed a Pentagon task force to assess 
the threat posed by China’s rapid naval 
expansion. One year later, based on the 
task force’s findings, the Department 
of Defense declared China as America’s 
“most consequential strategic 
competitor.”

China now has a fleet of more than 
770 naval, coast guard, and other 
military vessels. That’s more than 
twice the size of America’s fleet. And 
it’s concentrated almost entirely in 
the Pacific, whereas the U.S. fleet is 
dispersed between the Atlantic and 
Pacific regions. China’s strength is also 
bolstered by an arsenal of advanced 
anti-ship weapons, which it can launch 
from ground bases, warships, and 
aircraft. The most potent are its long-
range missiles like the DF-21D, DF-26, 
and DF-ZF.

China’s missiles are capable of 
inflicting catastrophic damage. Its 
35-foot-tall DF-21D is a ballistic nuclear 
missile that can destroy ships from 
1,000 miles away or more. China can 
launch this 32,000-pound weapon from 
the ground or from heavy bombers in 
the air, and analysts believe that its 
nuclear warhead can maneuver in flight 
to hit moving ships.

The DF-26 stands more than four 
stories high and has an even greater 
range. But the most fearsome is the 
DF-ZF, a hypersonic missile that can 
reportedly reach speeds of Mach 10 
and attack from more than 1,500 miles 
away. Unlike the other two weapons, 
which fly in a conventional arc that 
makes them more easily intercepted, 
the ZF remains highly maneuverable as 
it reenters the atmosphere and zooms 
toward a target.

Even shooting down a slow-moving 
missile challenges the Navy’s best 
defenses. “Intercepting missiles in 
flight is one of the most complicated 
fire-control problems that exists,” says 
retired Navy Master Chief Don Garcia, 
a weapons specialist who served on 
destroyers and cruisers. The DF-ZF’s 
speed and unpredictable path would 
make it almost impossible to stop with 
existing defenses.

China’s hypersonic weapons aren’t 
the only threats. Carrier commanders 
have long understood their vulnerability 
to batteries of anti-ship cruise missiles. 
When fired in high numbers, the 
weapons can overwhelm a ship’s 
defenses. Swarms of relatively cheap, 
long-range suicide drones could cripple 
a carrier group just as easily.

THE NAVY’S CONCERNS about Chinese 
anti-ship weapons are borne from 
history. On December 10, 1941, just 
three days after the Japanese bombed 
Pearl Harbor, the British deployed a 
small but powerful fleet of warships 
toward the Malay Peninsula.

The fleet, called Force Z, included 
four destroyers and two massive 
battleships. HMS Repulse was a 
veteran of the First World War and 
received significant upgrades in the 
1930s. The lead ship of the group, 
newer and more advanced, had already 
earned acclaim for its pivotal role 
in sinking Germany’s 50,000-ton 
battleship Bismarck seven months 
earlier.

The Royal Navy was aware of the 
impact that airpower could have on 
warfare at sea, but its leadership 
underestimated its destructive 
capacity. Admiral Thomas Phillips, 
the commander of Force Z, reportedly 
refused to coordinate with the Royal Air 
Force for cover. As Japanese bombers 
crested the horizon at 11:18 a.m., his 
error became apparent.

All four destroyers and both 
battleships opened fire with weapons 
ranging from 40-millimeter 
autocannons to three-inch anti-aircraft 
guns, zigzagging their courses to dodge 
the torpedoes that Japanese bombers 
lobbed into the sea. Within the first 
hour, Repulse captain William Tennant 
reported dodging 19 of them. The new 
battleship wasn’t so lucky. After taking 
a direct hit, Prince of Wales listed to 
port. Two more torpedoes soon tore 
through its hull, and then another found 
Repulse’s port side.

Like carriers today, battleships 
were considered the largest and most 
powerful vessels on the high seas. That 
fateful morning, Repulse became the 
first major warship in history to be sunk 
by aircraft. Just minutes later, Prince of 
Wales became the second. By 1:20 p.m., 
both ships had slipped beneath the 
waves.

Replace airplanes for drones and 
high-speed missiles, and the Navy’s 
predicament becomes clear. Its largest 
carriers and most heavily armed 
destroyers aren’t equipped to defend 
against throngs of invaders descending 
from the air.

TODAY, USS Gerald R. Ford sails with 
what’s called a carrier strike group—
an armada of 10 or more cruisers, 
destroyers, and frigates, and sometimes 
a submarine or two. At least two of those 
vessels specialize in air defense, usually 
Arleigh Burke–class guided-missile 
destroyers. These ships provide the 
first layer of protection against enemy 
attacks using powerful onboard radars 
to detect targets more than 200 miles 
away. The ships are armed with surface-
to-air missiles and the Navy’s Phalanx 
CIWS (Close-In Weapon System), 
which operates radar-controlled 20mm 
6-barrel Gatling cannons that fire 4,500
rounds per minute. They’re almost
identical to the massive cannons fired
by American fighter jets, such as the
F-16.

All told, a carrier strike group has 
enough hardware to intercept dozens 
of inbound missiles from as far away as 
200 miles. But it becomes defenseless as 
soon as the ships run out of interceptors 
to fire, which must be stored and 
then restocked after the battle. Some 
munitions can be replenished at sea, 
while missiles must be resupplied back 
at port. The Pentagon calls this a “depth 
of magazine” problem, something 
enemies can exploit with swarming 
attacks.

The best defense against swarming 
drones, the Pentagon believes, are 
photons released by highly agitated 
atoms. Pump enough electricity 
through atoms—or ions, or molecules—
to really excite them, and they will emit 
light. Then trap that light between 
mirrors so it bounces back and forth, 
exciting those tiny particles even more. 
Channel that amplified light into a 
narrow beam and blast it toward a 
target at the speed of light, and you have 
a laser.

Unlike blasters in Star Wars, laser 
beams don’t explode when they hit a 
target. Instead, they deliver intense 
heat. At lower power output, lasers can 
confuse the optical sensors on a drone. 
Increase the power and a laser will burn 
a hole through it. 

Essentially, lasers turn energy into 
ammo. Powered by nuclear reactors like 
those on Ford, they can potentially fire 
thousands or even tens of thousands 
of times at incoming munitions. And 
because laser beams travel at the 
speed of light, lasers can track and 
target unpredictable weapons like 
China’s hypersonic DF-ZF better than 
conventional missiles—gunners won’t 
have to lead a target and anticipate its 
location the way they do currently.

The Pentagon likes their low 
cost, too. When planning for battles 
against an economic peer like 
China, defense analysts worry about 
economics in addition to firepower. 
The Congressional Research Service 
estimates that firing a high-powered 
laser will cost somewhere between 
$1 and $10—just a fraction of the $1 
million to $10 million that defensive 
missiles cost. Using million-dollar 
missiles to fight off swarms of relatively 
cheap enemy drones or cruise missiles 
is what those analysts call a “negative 
cost-exchange ratio.” Cheap-to-fire 
lasers rebalance that equation.

FOR ALL THEIR power and promise, 
lasers can appear rather pedestrian. In 
2014, the Navy installed the first laser 
on a ship for sea trials. Fitted forward 
on the deck of the amphib transport 
ship USS Ponce, the 33-kilowatt 
AN/SEQ-3 Laser Weapon System 
(LaWS) had a short, round firing tube 
painted white. Two smaller tubes for 
sensors rest on the shoulders. To an 
untrained eye, it looked like an amateur 
astronomer’s telescope. But even this 
early low-power version delivered 
striking firepower.

In one test, the Navy deployed a 
small Zodiac inflatable speedboat 
with replica cannons mounted above a 
dummy driver. As the raft sped away, 
gunners used the LaWS’s sensors to 
aim the laser. Outside the ship, the 
video shows the LaWS rotating slowly 
as it tracks and locks in on the target. 
It fires silently and without warning—
an invisible ray of extremely agitated 
atoms traveling at the speed of light. 
Instantly, the replica cannons atop the 
Zodiac explode, and shrapnel splashes 
into the ocean nearby. It’s a direct, 
accurate hit, with no visible damage to 
the boat or the driver. In another test, 
the LaWS successfully took out a drone 
launched from the deck of a nearby 
ship. As the laser engaged the drone, the 
intense heat cut into the aircraft like a 
blowtorch. Within seconds the drone 
had caught fire and plummeted toward 
the sea.

A second, stronger laser entered 
trials in 2019; then in August 2022, 
the Navy installed its first permanent 
laser on a destroyer, the Arleigh Burke–
class Preble. Developed by Lockheed 
Martin, the weapon has a 60-kilowatt 
power output that integrates with 
the ship’s advanced AEGIS radar and 
weapons control system. The Navy 
calls it HELIOS, or High-Energy 
Laser with Integrated Optical Dazzler 
and Surveillance system. The Navy’s 
contract with the developer calls for 
at least one more of the $105 million 
lasers, with an option to purchase up to 
nine in all. Later versions could be even 
more powerful. Lockheed Martin says 
the weapon could eventually scale to 
150 kilowatts, but even at that strength 
it will be most useful against drones and 
small surface ships.

To stop a barrage of cruise missiles 
or a hypersonic weapon barreling 
toward Ford at Mach 5 or faster, the 
Navy needs something much more 
powerful. To thwart cruise missiles, 
the Navy estimates that it needs at 
least a 300-kilowatt laser. In addition 
to the size and speed of those missiles, 
their nose cones are made out of 
such materials as pyrolytic graphite 
or Pyroceram ceramics designed to 
withstand the high heat inherent 
to supersonic flight, which can top 
1,000 degrees Fahrenheit. Lasers will 
have to fire with enough intensity 
to rapidly burn through those heat-
resistant substances. They also need 
enough power to overcome the effect 
of atmospheric turbulence on the 
laser. Finally, they require quick 
identification of the precise target point 
on an inbound missile traveling at 1 
mile per second to take it out.

That weapon appears to be on the 
way. The Navy plans to begin testing 
a 300-kilowatt weapon as early as 
next year and calls the experimental 
weapon HELCAP, for High Energy 
Laser Counter ASCM Program. (ASCM 
stands for anti-ship cruise missile.) A 
2020 photo taken of a wallboard behind 
Chief of Naval Operations Admiral 
Michael Gildan appears to show that 
the HELCAP test bed will be based on 
the Navy’s existing AN/SEQ-4 Optical 
Dazzler Interdictor (or ODIN) system, 
which is already being fielded on some 
destroyers. If successful, the platform 
will be the Navy’s first laser capable 
of shooting down incoming anti-ship 
cruise missiles. 

Even HELCAP won’t be enough 
to stop hypersonic missiles flying at 
speeds up to Mach 10. Those weapons 
are manufactured to withstand 
temperatures of 1,700 degrees 
Fahrenheit or hotter. The Pentagon 

To defend its fleet against attacks from swarming drones 
and hypersonic missiles, the U.S. Navy is turning toward 
high-powered lasers. 

China’s arsenal of anti-ship missiles, including the 
DF-21D ballistic missile, poses a serious threat to U.S. 
ships operating in the Pacific. High numbers of missiles, 
launched from 1,000 miles away, could overwhelm a 
ship’s defenses. 

Battleships like HMS Repulse once ruled the seas but 
were vulnerable to fast, lightweight attack planes 
developed during WWII.

The Arleigh Burke–class guided missile destroyer USS 
Carney (DDG 64) fires its Phalanx close-in weapon system 
during a live-fire gunnery exercise. 

During testing at sea, the AN/SEQ-3 Laser Weapon 
System (LaWS) showed power and accuracy, shooting 
down a drone and disabling a simulated attack boat.



believes it may take a 1-megawatt laser, 
more than three times the power of 
HELCAP, to stop them. But megawatt-
class lasers may not be too far off 
either. The Navy awarded a contract to 
Northrop Grumman to develop such a 
laser, and in July 2022, the company 
completed a preliminary design of a 
high-energy laser that combines several 
laser beams into one powerful ray. 
Northrop said it will initially develop 
a prototype with up to 300 kilowatts 
of power, but that the technology may 
allow it to scale up the power to 1 
megawatt.

For the Pentagon, which has billions 
invested in aircraft carriers, that 
technology can’t arrive soon enough. 
Given the rapid emergence of China’s 
anti-ship weapons, warships like Ford 
are more vulnerable than they have 
been in 80 years. The fate of the world’s 
most powerful navy could be decided 
by a single, well-aimed hypersonic shot. 
To prevent its aircraft carriers from 
meeting the same fate as World War II 
battleships, it’s going all in on lasers—
betting that it can develop the sci-fi tech 
into a powerful and reliable defense. No 
matter how fast or powerful anti-ship 
missiles become, the Navy hopes its 
futuristic lasers can burn them out of 
the sky for less than the cost of a cup of 
coffee. 

AL AMY (USS PONCE ) ;  GE T T Y IMAGES NORTH 
AMERICA (USS GERALD FORD ) ;  AL AMY (DF-21) ;  PA 
IMAGES VIA GE T T Y IMAGES (HMS REPULSE ) ;  AL AMY 
(PHALANX ) ;  AL AMY ( AN/SEQ3 )




