
8

A
R

M
S

 C
O

N
T

R
O

L
 T

O
D

A
Y

  
J
u

ly
/A

u
g

u
s
t 

2
0

1
4
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Iran is negotiating with a group of six states 

over the future of its nuclear program. In 

November 2013, Iran and the P5+1 (China, 

France, Germany, Russia, the United Kingdom, 

and the United States) agreed to a Joint Plan of 

Action that seeks to reach a “comprehensive 

solution” by July 20, 2014. 

Alexander Glaser, Zia Mian, Hossein Mousavian, and Frank von Hippel are members of the Program on Science and Global Security at 
Princeton University.

Agreeing on Limits for 
Iran’s Centrifuge Program: 
A Two-Stage Strategy

The goal is an agreement on a set of 

measures that can provide reasonable 

assurance that Iran’s nuclear program 

will be used only for peaceful purposes 

and enable the lifting of international 

sanctions imposed on Iran over the past 

decade because of proliferation concerns. 

A key challenge is to reach agreement 

on limiting Iran’s uranium-enrichment 

program, which is based on gas 

centrifuges, in a way that would enable 

Iran to meet what it sees as its future 

needs for low-enriched uranium (LEU) 

fuel for nuclear research and power 

reactors while forestalling the possibility 

that this program could be adapted 

to quickly produce highly enriched 

uranium at levels and in amounts 

suitable for use in nuclear weapons.1 

This article proposes a compromise 

based on a two-stage approach that 

involves Iran maintaining a capacity for 

enriching a small amount of uranium 

annually for research reactor fuel in the 

short term and developing a potential 

enrichment capacity in the longer term 

that would be appropriate to fuel power 

reactors. Iranian supply needs for its 

power reactors will develop in 2021 

if Tehran decides to fuel the existing 

Bushehr power reactor domestically, in 

whole or in part, rather than renewing 

its fuel supply contract with Russia 

or buying fuel from another foreign 

supplier. 

The proposed compromise also reflects 

Tehran’s plan to shift from its current 

low-power, first-generation centrifuges 

to high-capacity machines that are still 

under development. 

This article therefore suggests that, 

during the next five years, Iran should 

modernize its enrichment facilities and 

in doing so, keep its operating capacity at 

about the current level rather than begin 

to operate the many thousands of first-

generation machines that it already has 

installed and continue setting up more. 

During this period, Iran could phase out 

its first-generation machines in favor 

of the second-generation centrifuges 

it already has installed but has not yet 

operated. At the same time, it could 

develop, produce, and store components 

for a future generation of centrifuges 

that would be suitable for commercial-

scale deployment. These later-generation 

centrifuges would not need to be 

assembled, except for test machines, until 

at least 2019. 

To maintain the confidence of the 

international community that there will 

be no diversion of centrifuge components 

to a secret enrichment plant, the current 

transparency measures that Iran has 

undertaken for its centrifuge program 

would continue. These transparency 

measures should become the standard for 

transparency for centrifuge production 

worldwide. 

Finally, the article suggests that the 



9

A
R

M
S

 C
O

N
T

R
O

L
 T

O
D

A
Y

  J
u

ly
/A

u
g

u
s
t 2

0
1

4

five-year period created by this proposal 

be used as an opportunity by Iran, 

the P5+1, and other interested states 

to explore in a second stage of the 

negotiations a multinational uranium-

enrichment arrangement that would see 

Iran deploy its advanced centrifuges in 

a new regional, multinational facility 

rather than a national enrichment 

plant. By committing to working on 

such multinational arrangements for the 

Middle East and, ultimately, around the 

world, Iran and the P5+1 could chart a 

path to greatly reduce the proliferation 

risks that stem from national control of 

enrichment plants, regardless of location.

Background
The dispute over Iran’s enrichment 

activities is more than a decade old. 

In 2003, Iran offered to cooperate 

with France, Germany, and the UK 

to resolve international concerns, 

agreeing to suspend key parts of its 

enrichment program temporarily and 

make it more transparent to help build 

global confidence that Tehran was not 

developing nuclear weapons. In the 

United States, however, the George 

W. Bush administration adopted the 

view that Iran should not be allowed 

to operate even a single centrifuge. 

When diplomacy failed, Iran resumed 

its enrichment program and has 

built and installed large numbers of 

centrifuges—the first-generation IR-1 

and the second-generation IR-2m—at its 

Natanz facility, developed designs and 

prototypes for more-powerful machines, 

and constructed a second, deeply 

buried enrichment plant at Fordow. 

The international community imposed 

sanctions on Iran to pressure it to 

suspend its nuclear program again and to 

bring it back to the negotiating table. 

As part of the current talks on a 

comprehensive solution to proliferation 

concerns about Iran’s nuclear program, 

as set out in the Joint Plan of Action, Iran 

and the P5+1 seek to agree on “a mutually 

defined enrichment programme with 

mutually agreed parameters consistent 

with practical needs, with agreed limits 

on scope and level of enrichment 

activities, capacity, where it is carried out, 

and stocks of enriched uranium, for a 

period to be agreed upon.”2 

Western negotiators are concerned 

that the total of about 19,000 centrifuges 

that Iran has installed at its enrichment 

plants at Natanz and Fordow is sufficient 

for producing, should it decide to do so, 

highly enriched uranium for nuclear 

weapons purposes (typically enriched 

to 90 percent uranium-235) in a time 

frame that may be too short for the 

international community to detect 

the effort and respond to it effectively. 

The negotiators currently appear to be 

discussing limits on Iran’s centrifuge 

program that would translate into a 

potential “breakout” time of about six to 

12 months to make enough material for 

a first bomb rather than the estimated 

two months that Iran probably would 

require today.3 Additional time would be 

required to fabricate a nuclear explosive 

device that could be tested or a nuclear 

warhead that could be integrated with a 

delivery system such as a ballistic missile, 

turning Iran into a nuclear-armed state.

Estimates of Iran’s breakout time are 

linked to the numbers of centrifuges 

that it has installed at its two plants. 

Put simply, the larger the available 

enrichment capacity, the more quickly 

it can enrich sufficient uranium for a 

first nuclear weapon. This has led to a 

debate over the number of centrifuges 

Iran should be able to operate as part of a 

deal on the future of its nuclear program. 

The West demands that Iran scrap many 

of its already installed centrifuges, 

Representatives from Iran and the six world powers negotiating with Tehran over its nuclear program meet in Vienna on April 
8. Iranian Foreign Minister Mohammad Javad Zarif (second from right) headed his country’s delegation; EU foreign policy 
chief Catherine Ashton (third from right) led the six-country group.
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Using IR-1 centrifuges to attain the enrichment 

capacity of 100,000 SWU per year needed to fuel 

the Bushehr reactor would be neither efficient nor 

economical.

and Iran responds by pointing out 

that such a requirement goes beyond 

the requirements of the nuclear 

Nonproliferation Treaty (NPT). Also, 

Iran cites its anticipated need for a large 

increase in the number of centrifuges 

and then piped to a higher stage for 

further enrichment or collection while 

depleted uranium is returned to a lower 

stage for re-enrichment or discharge as 

waste. 

Along with 10,000 operating 

uranium.9 The length of time that would 

be required do this with the currently 

operating 10,000 IR-1 centrifuges, with 

their combined capacity of 7,000 to 

10,000 SWU per year, is three to four 

months.10 By using the rest of its installed 

to allow it to supply the Bushehr reactor 

after the present contract for Russian fuel 

ends in 2021. 

The Current Situation
Under the Joint Plan of Action, during 

the six-month period of talks on 

a comprehensive settlement, Iran 

committed to

•   limit the number and type of 

operating centrifuges to those 

operating as of January 20; 

•   not enrich uranium to a level 

above 5 percent U-235; and

•   convert the stockpile of uranium 

that it has enriched to almost 20 

percent into oxide, which would have 

to be converted back to uranium 

hexafluoride to be further enriched, 

or blend it down to uranium enriched 

to less than 5 percent. 

The International Atomic Energy 

Agency (IAEA) said in its May 23, 2014, 

report that its inspectors had found that 

as of mid-May, Iran had about 10,000 

IR-1 centrifuges operating at its Natanz 

and Fordow enrichment plants.4 These 

machines are linked together in 60 

cascades of 164 or 174 machines each by 

an intricate network of pipes that carry 

the uranium hexafluoride gas in three 

streams: feed, enriched uranium product, 

and depleted uranium. Each cascade has 

machines linked together in parallel as 

stages, and the stages are linked together 

in series. The gas is enriched by a small 

amount in each centrifuge in each stage 

machines, about another 8,000 IR-1 

machines (48 cascades) are installed but 

not operating at Natanz and Fordow.5 In 

addition, Iran had installed at Natanz 

but was not operating about 1,000 IR-2m 

centrifuges in six cascades. Finally, in the 

pilot plant at Natanz devoted to research 

and development, relatively small 

numbers of IR-1, IR-2m, IR-4, and IR-6 

centrifuges were operating, and a single 

IR-5 was installed but not operating. 

Based on the number of IR-1 

centrifuges that Iran has had operating 

and the rate and levels of enrichment 

of the LEU that it has produced, the 

IR-1 centrifuge appears to have a very 

low enrichment capacity, between 0.7 

and 1 separative work units (SWU) 

per year.6 Therefore, the estimated 

combined capacity of Iran’s operating 

IR-1 centrifuges is 7,000 to 10,000 SWU 

per year. 

The IR-2m centrifuge probably has 

an enrichment capacity about five 

times larger than that of the IR-1.7 If 

so, the collective capacity of the IR-

2m centrifuges that are installed but 

not operating is about half that of the 

operating IR-1 centrifuges. There appears 

to be no published information about the 

enrichment capacities of the IR-4, IR-5, 

or IR-6 centrifuges, which presumably all 

have higher capacities than the IR-2m. 

The May 23 IAEA report confirmed 

that Iran is observing the agreed 

enrichment limit of 5 percent and 

that the uranium is in fact enriched 

to about 3.4 percent U-235.8 It would 

take about 1,500 SWU to produce a 

weapon-equivalent of 90 percent-

enriched uranium from this enriched 

IR-1 centrifuges, Iran could reduce this 

time to about two months. 

Iran’s Enrichment Needs
Iran’s primary use of the 3.4 percent-

enriched uranium that it has been 

producing has been as feed material to 

make 19 percent-enriched uranium fuel 

for the five-megawatt thermal (MWt) 

Tehran Research Reactor. A small amount 

has been converted to uranium dioxide 

for irradiation tests in that reactor of 

fuel rods and assemblies of the type used 

in the 915-megawatt electric (MWe) 

Bushehr power reactor.11 

Iran’s near-term practical needs for 

enriched uranium and, therefore, for 

operational enrichment capacity are 

relatively modest. Iran has already 

stockpiled enough uranium dioxide 

enriched to almost 20 percent to fuel the 

Tehran reactor for at least a decade. 

Iran has announced a plan to build 

a 10-MWt light-water research reactor 

near Shiraz for which it would need LEU 

fuel.12 This reactor is still in the design 

stage.13 It may be part of a reported plan 

for perhaps four or five research reactors 

that, like the Tehran reactor, would 

probably all use 20 percent-enriched 

uranium fuel.14 If Iran went ahead with 

these ambitious plans, it would have 

more high-power research reactors than 

any other non-nuclear-weapon state.15 

Iran would need about 1,500 SWU 

per year for each 10-MWt light-water 

research reactor that it brought into 

service.16

Iran may be interested in converting its 

40-MWt Arak heavy-water reactor to use 

5 percent-enriched fuel instead of natural 
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uranium and reducing its power to 10 or 

20 MWt as a way to reduce the amount 

of plutonium the reactor would produce 

in its fuel, thereby lessening proliferation 

concerns, while retaining the reactor’s 

utility for making radioisotopes for 

medical use and carrying out scientific 

experiments.17 The enrichment capacity 

required to fuel a 10-, 20-, or 40-MWt 

heavy-water research reactor with 5 

percent-enriched uranium would be 

about 750 SWU; 1,500 SWU; or 3,000 

SWU per year, respectively.18

Another goal, however, for Iran’s 

enrichment program is to provide 

domestic enriched-uranium fuel for the 

Bushehr reactor after Russia’s existing 

10-year fuel supply contract expires in 

2021.19 To produce the 27 metric tons per 

year of 3.5 percent-enriched uranium 

to fuel that reactor,20 Iran’s enrichment 

capacity would have to grow to about 

100,000 SWU per year, increasing its 

currently operating enrichment capacity 

more than tenfold. Looking even 

further ahead, Iran has been negotiating 

with Russia over the purchase of two 

more 1,000-MWe reactors.21 In 2005, 

Iran’s parliament passed a nonbinding 

resolution setting a goal of a fuel 

production capacity sufficient to support 

20,000 MWe of nuclear power.22 

In principle, Iran could extend its 

fuel supply contract with Russia in 

whole or in part or could buy LEU from 

another foreign supplier and fabricate the 

enriched uranium into fuel assemblies 

in Iran. Domestic political constraints 

appear to weigh against such options.23 

Iranian policymakers believe Iran 

has paid a huge price for its right to 

enrichment—in direct costs, in the lives 

of some of its centrifuge experts,24 and 

indirectly through the economic impact 

of sanctions, estimated at more than 

$100 billion.25

Phasing Out the IR-1 
Using IR-1 centrifuges to attain the 

enrichment capacity of 100,000 SWU 

per year needed to fuel the Bushehr 

reactor would be neither efficient nor 

economical. The IR-1 design is based 

on Pakistan’s P-1 centrifuge, which was 

itself based on a design that was used 

in a small Dutch pilot plant but not 

used commercially.26 Pakistan used the 

P-1 briefly before abandoning it in the 

mid-1980s, about the same time that 

Abdul Qadeer Khan’s network sold it to 

Iran.27 The IR-1’s separative capacity of 

about one SWU per year is much smaller 

than that of centrifuges deployed in 

modern commercial enrichment plants, 

which typically use machines with an 

enrichment capacity of at least 10 SWU 

per year. The most modern centrifuge 

deployed by the European enrichment 

consortium Urenco, the TC-21, has a 

capacity of about 100 SWU per year.28 

In addition, the performance of 

the IR-1 does not fit well with Iran’s 

enrichment infrastructure. Iran would 

require at least 100,000 IR-1 centrifuges 

to provide sufficient enrichment 

capacity to meet the fuel needs of the 

Bushehr reactor, whereas the two Natanz 

centrifuge halls can hold a total of only 

50,000 machines. Continuing to rely 

on the IR-1 would require building a 

second Natanz-size facility. Making use 

of an advanced machine, for example, 

a centrifuge with a capacity to produce 

10 SWU per year, would allow fuel 

production for the Bushehr reactor with 

only about 10,000 machines. 

Iran has recognized the logic of 

replacing the IR-1 with more-advanced 

designs. It is developing more-powerful 

centrifuges, but expects the process to 

take at least a few years to complete the 

R&D on the designs and begin serial 

production. Ali Akbar Salehi, head of 

the Atomic Energy Organization of Iran, 

explained in an interview in February,

We have a number of advanced 

centrifuges, which are under the 

IAEA supervision where they are 

being tested.... Once you test the 

first centrifuge you will have two 

centrifuges; test them together and 

then you will have 10, 20; then you 

can go up to 50 and then 164. And 

those centrifuges will have to be 

working together in a cascade for 

a while—for probably two years to 

make sure that those centrifuges that 

have been developed are performing 

well enough to then be able to 

produce them in mass production.29

Iran could satisfy the needs of its 

current and planned research reactors 

by phasing out use of the operating IR-1 

centrifuges and replacing them with a 

smaller number of IR-2m centrifuges. 

Assuming that each IR-2m is equal to five 

IR-1 machines, bringing into operation 

the roughly 1,000 IR-2m centrifuges 

already installed would be more than 

sufficient to supply 5 percent-enriched 

LEU for fueling the Arak reactor after it 

had been converted to run on fuel of that 

enrichment level. Even if Iran were able 

to complete construction of its planned 

four 10-MWt light-water research reactors 

before 2019, it would not need to install 

more than an additional 1,000 IR-2m 

centrifuges to meet their fuel needs. 

Also, Iran should extend indefinitely its 

current commitment under the Joint 

Plan of Action to convert to oxide any 

newly enriched uranium hexafluoride 
Different types of centrifuges are displayed during a technology exhibition in 
Tehran in February.
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Iran could begin to manufacture the required 

number of [next-generation] centrifuge components 

for the targeted SWU capacity and store them under 

IAEA supervision at a central location.

product and commit to convert all its 

enriched uranium hexafluoride within 

two or three months of production.

Store Centrifuges as Parts 
To meet the goal of having an 

enrichment capacity sufficient to fuel 

and to make and hang the cascade 

piping required to operate them. Even a 

large number of machine components 

in Iran would not significantly shorten 

the time to a first nuclear weapon below 

the breakout time determined by the 

machines already operating at Natanz. 

advanced centrifuges and deploys 

them in numbers required to support 

a significant nuclear power program, 

then its breakout time would become 

very short. If Iran decided to produce 

weapons-grade uranium, even a 

plant with an enrichment capacity 

the Bushehr reactor by 2021, when the 

current fuel-supply contract with Russia 

ends, Iran could continue to develop 

and test next-generation centrifuges 

such as the IR-4, IR-5, or IR-6 in an R&D 

facility. As Salehi explained, it could 

take years to test a reasonable number of 

machines of the chosen design to ensure 

that the individual components and 

overall machine design and operation 

are reliable and that the centrifuge 

performance is well understood.

After selecting one or more advanced 

centrifuge models that meet the 

standards for commercial-scale operation 

in terms of separative performance and 

long-term reliability, Iran could begin 

to manufacture the required number of 

centrifuge components for the targeted 

SWU capacity and store them under IAEA 

supervision at a central location. The key 

components requiring monitoring would 

include centrifuge rotors and casings. 

Iran could agree to refrain from 

making preparations for the installation 

of these centrifuges. This would include 

not assembling and balancing more 

centrifuges than required for testing and 

not making preparations for hanging 

cascade piping. The IAEA could verify 

these steps. 

An inventory in Iran of components 

sufficient for perhaps 10,000 next-

generation centrifuges need not be of 

great international concern. Because 

they would be under IAEA monitoring, 

removal of components from storage 

would be quickly detected. A reasonable 

estimate is that it would take at least 

six months thereafter to assemble and 

balance a thousand of these centrifuges 

To build international confidence in 

this arrangement, Iran should ratify 

an additional protocol to its safeguards 

agreement with the IAEA, as envisioned 

in the Joint Plan of Action. This would 

elevate its safeguards system to the 

highest current standard under the 

international NPT safeguards regime.30 

Iran could commit to continue 

indefinitely with the transparency 

measures it has accepted under the 

Joint Plan of Action. These measures 

include managed access for the IAEA 

“to centrifuge assembly workshops, 

centrifuge rotor production workshops 

and storage facilities.”31 Iran accepted 

similar monitoring arrangements under 

Presidents Mohammad Khatami and 

Mahmoud Ahmadinejad from November 

2003 until February 2006 when the 

IAEA Board of Governors referred Iran’s 

case to the UN Security Council.32 These 

transparency measures could become 

an international standard for centrifuge 

production worldwide.

Toward a Long-Term Solution
An approach that involves transparently 

phasing out the IR-1 centrifuges and 

replacing them with IR-2m centrifuges 

while conducting R&D on more-

advanced, next-generation centrifuge 

designs and manufacturing them as 

needed could provide an interim solution 

for the negotiations on Iran’s enrichment 

capacity. The United States and some of 

Iran’s neighbors may remain concerned, 

however, that Iran’s program to develop 

advanced centrifuges could exacerbate 

the proliferation risk in the longer run. 

If Iran succeeds in developing 

of 100,000 SWU per year, which is 

very small by commercial uranium-

enrichment industry standards, could 

churn out tens of bomb equivalents per 

year after the centrifuge cascades had 

been reconnected for this purpose. In 

addition, the more efficient a centrifuge, 

the fewer that would be required to equip 

a clandestine facility that could produce 

weapons-grade uranium at a significant 

rate.

These problems are not specific to Iran. 

They represent the general challenge 

that national gas-centrifuge enrichment 

programs all over the world pose to the 

current international nonproliferation 

and disarmament regime.33 At the same 

time that a solution to the confrontation 

over Iran’s nuclear program is being 

developed, it would be wise to begin 

dealing with the underlying problem 

rather than continue to face crisis after 

crisis. 

One option would be for the P5+1 

and Iran to agree as part of the final 

comprehensive solution to embark 

immediately on designing a new, 

permanent transparency regime for 

centrifuge manufacturing and operation 

and a regime that includes a ban on 

reprocessing and effective multinational 

arrangements for enrichment in the 

Middle East, reducing the risk of 

future Middle Eastern nuclear crises.34 

Assuming that Iran and the P5+1 can 

sign the final deal to be operationalized 

by early 2015, they could immediately 

establish a working committee on 

multilateralization of enrichment in 

the Middle East. One requirement for 

such an arrangement could be that the 
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same country cannot manufacture the 

centrifuges and host the centrifuge 

facility. 

The idea that a multinational 

arrangement for uranium enrichment 

could be part of the resolution of the 

dispute with Iran is well established. 

In 2004, during the first cycle of 

negotiations over the future of Iran’s 

nuclear program, IAEA Director-General 

Mohamed ElBaradei invited a group 

of experts, including one from Iran, to 

consider multinational alternatives to 

national enrichment and reprocessing 

programs. The expert group’s report 

was published in February 2005.35 In 

September 2005, at the UN General 

Assembly, Ahmadinejad stated that Iran 

was willing to participate in such an 

arrangement.36 

Multilateralizing Iran’s enrichment 

program would establish a new standard 

for managing the risks from uranium-

enrichment plants worldwide. Such a 

step would be consistent with a larger 

international trend away from national 

enrichment plants. Today, only three 

non-nuclear-weapon states (Brazil, 

Iran, and Japan) operate autonomous 

enrichment plants. In 1971, Germany 

and the Netherlands folded their national 

plants into Urenco, the multinational 

European consortium that also includes 

the UK.

Among the nuclear-weapon states, 

France, the UK, and the United States no 

longer have fully national enrichment 

programs.37 All have ended their 

enrichment of uranium for military 

purposes and have commercial plants 

equipped with centrifuge technology 

delivered on a “black box” basis—that 

is, without access to the technology. 

The centrifuges are produced by the 

Enrichment Technology Company, 

which is jointly owned by Urenco and 

France’s Areva. 

Devising arrangements for black-box 

multinational enrichment in the Middle 

East and globally would be challenging 

technically, legally, and politically. Yet, 

one lesson from the decade-long dispute 

over Iran’s enrichment program is that 

national enrichment programs in Middle 

Eastern countries would be at least as 

challenging. 

A strategy for matching Iran’s 

separative capacity with its needs over 

the next five years while Tehran develops 

more-advanced centrifuges but does not 

deploy them until needed would not 

shorten Iran’s breakout time, but would 

enable Iran to prepare in a timely way 

to meet its possible needs for enriched-

uranium fuel for its nuclear research 

and power reactors. Such a strategy 

could create a window of time to devise 

a multinational arrangement that could 

provide a long-term solution to the 

proliferation concerns raised by national 

enrichment plants in the Middle East and 

elsewhere. 
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