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Gamma-Ray Measurements of a
Soviet Cruise-Missile Warhead

STEVE FETTER, THOMAS B. COCHRAN, LEE GRODZINS,
- HARVEY L. LyNcH, MARTIN S. ZUCKER

A portable germanium detector was used to detect gam-
ma-ray emissions from a nuclear warhead aboard the
Soviet cruiser Slava. Measurements taken on the missile
launch tube indicated the presence of uranium-235 and
plutonium-239—the essential ingredients of nuclear
weapons. With the use of this equipment, these isotopes
probably could have been identified at a distance of 4
meters from the warhead. Such inspections do not reveal
detailed information about the design of the warhead.

problems for nuclear arms control and for the security of the

United States, the Soviet Union, and other nations. When
armed with nuclear warheads, Jong-range SLCMs could attack
strategic targets with little warning. SLCMs could be deployed on
virtually any kind of ship, and it will be difficulc o verify limits on
SLCMs by means of tradirional metheds. SLCMs are small; nuclear
and conventional versions are often idendcal in appearance; and
their manufacture and testing are difficult to monitor.

Until Seprember 1989, SLCMs were a major obstacle in the
Straregic Arms Reduction Talks (START) (7). At that ume, U.S.
and Soviet officials met in Jackson Hole, Wyoming, and agreed to
set the SLCM issue aside and proceed with the rest of the START
agenda. In the long run, however, the Sovier Union—and many
U.S. analysts—believe that the deployment of nuciear SLCMs must
be restricted.

Proposais to limit SLCMs vary considerably in scope: one could
Limir or ban nuclear SLCM:s only, combine limits on nuclear SLCMs
with limits on conventional SLCMs, or simply limit or ban the total
number of SLCMs withour regard to warhead tvpe (2). In cases
where nuclear SLCMs are banned or limited, it would be useful to
be able to detect or count nuclear warheads.

All nuclear warheads contain materials that are radioactive. It has
therefore been suggested that gamma-ray and neutron detectors
could be used to inspect a ship for the presence of nuclear weapons
without requiring physical access to the weapon (3). Gamma rays
are emitted at energies that are characreristic of the structure of the
emitting nucleus. Therefore, 2 high-resolution gamma-ray detector

can allow one to almost always unambiguously identify the nucleus
that emitted the radiation.
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Measurements

To explore the utility of various radiation detectors for verifica-
tion purposcs, a series of simple experiments was carried our on §
July 1989 on the Black Sea near Yalta under the auspices of the
Natural Resources Defense Council (NRDC) and the Academy of
Sciences of the U.S.5.R. The Soviet Navy provided the cruiser Slava
(Fig. 1) (4). We were informed that the Slava was armed with a
single nuclear-armed SS-N-12 SLCM in the outside, forward
launcher on the starboard side, and that no other nuclear weapons
were on board during the experiment. Teams of scientists from the
NRDC and the U.S.S.R. used seven different types of detectors.
The characteristics of these instruments are summarized in Table 1.
Instruments 1 to 4 were portable devices; all except number 7
detected gamma rays.

In this article we discuss measurements that were made with
detector number 1, a coaxial high-purity germanium detecror. The
151-cm® sensitive volume was cylindrical: 5.9 cm in diameter and
5.9 cm long (5). It had an energy res~lution of about 2 keV (full
width at half-maximum) at an energy of 1000 keV. The detector
pulses were analyzed with a portable multichannel analyzer with
4096 channels (6). Only those gamma rays with energies berween
30 and 2670 keV were recorded.

We made the following measurements on the Slava: three mea-
suruments, totaling about 24 min, on the launch tube directly above
the warhead (7); one 10-min measurement on the adjacent empty
launch rube; and wo background measurements lasting 60 and 10
min on the deck of the ship about 27 and 32 m in front of the launch
tube. The total count rates in these four locations were 393.2 = 0.5
counts per second (cps), 36.3 = 0.3 ¢ps, 11.23 = 0.06 cps, and
11.14 = 0.14 cps, respectively (errors are from counting statistics
only).

The three measurements on the launch tube were combined to
form a single 24-min measurement (8); the combined spectrum is
shown in Fig. 2. The spectra were analyzed with three different
peak-finding and peak-fitting programs to determine the location
and intensity of the peaks. The results of the three programs were in
excellent agreement; for consistency we will only use those given by
the HYPERMET program, which gave the most complete resulrs
(9.

The energy’ calibration of the detector proceeded in two steps.
First, a %Co source, which produces strong gamma rays at 1173 and
1332 keV, was used to give a linear relation between channel
number and gamma-ray energy. This linear calibration was used to
identify 16 prominent gamma-ray.emissions in the spectrum shown
in Fig. 2; the channel numbers and gamma-ray energies of these
peaks were then used in a quadratic least-squares fir (10).

Table 2 lists the peaks whose stadistical significance exceeded 3 SD
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above background (11). The identity of the parent radionuclide was
identified in every case but one (12). Many of the lines were due to
35U or ¥%Pu; the presence of either of these materials suggests the
presence of a nuclear warhead. In addition, we identified gamma
rays emitted by *™Pa (a decay product of ##U), *'?Bi, and **TI
(decay products of P*U) (13), and **'Am (a decay product of
*!Pu). A list of the gamma rays that can be amtributed to the
presence of uranium and plutonium is given in Table 3 (14).

The presence of ?U is noteworthy because it is not a naturally
occurring isotope of uranium; it is, however, produced in nuclear
reactors (15). The U.S.S.R. must theretore have used uranium from
reprocessed reactor fuel as the feedstock for the uranium enrichment

rocess; 23U would then be enriched along with 35U, However,
U would not be present in highly enriched uranium that is
produced entirely from virgin natural uranium.

The remaining peaks are due to background radiation, neutron
reactions, and pair production. For example, the broad peak cen-
tered at 478 keV is probably due either to a (n, a) reaction with '°B
or to inclastic scarering with 'Li (16). Other neutron-induced
gamma rays were emitted at 846.76 keV from (n, n’y) reactions
with **Fe in steel and ar 2223.25 keV from (n, ) reactions with
hydrogen in the fuel of the missile or the high explosive of the
warhead. By comparing the spectrum with thar taken on the
adjacent empry launch tube, we can atrribute several peaks to nanural
background radiation—at 609.31 keV (*"*Bi) and at 1460.83 keV
(**K)—and radioactive fallout—at 604.71 keV ('*Cs) and at
661.66 keV (*7Cs). The peaks at 511, 1592, and 2103 keV ar. due
o pair production (17). '

Maximum Detection Distance

For a radiocactve source to be identified, its signal at the detector
must exceed statistical flucruations in the background. To minimize
the probability of false alarms, a signal is not recorded until an
increase of 3 to 5 SD above the mean background occurs (18). We
examine two cases: (i) where the signal represen:s the toral count
rate integrated over the entre recorded energy spectrum, and (ii)
where the signal represents the count rate of discrete gamma-ray
cmissions.

“The simplest way to search for radicactive material is to record the

Table 1. Detectors used during the experiment.

- High-purity germanium detector, 27 ecm?® (U.S.)
Lithium-drifeed germanium detector, 14 em® (U.S.S.R)
Sodium iodide detecror, 100 em® (U.S.)
Sodium iodide detecror, =10 ¢m® (U.S.5.R.)
- Ship-based sodium iodide detecror, 2500 cm® (U.S.S.R.)
Truck-based sodium iodide gamma-ray telescope, 440 cm?® (USSR
. Helicopter-based "He neutron detector, 2.5 m? (US.S.R)

MO Ok =

total count rate. One first establishes a value for background count
rate for the survey area and then looks for a count rate thar is
significandy greater. In our case, however, an analysis of this vpe
suffers from a lack of background measurernents taken at many
different locations.

Let C; and B; equal the total count race and the background count
rate at point i, #; equal the distance between the warhead and the
detecror at this point, and F; equal the relative shielding factor along

this path. If we assume that the signal decreases as the inverse square
of the distance (19)

(Ci = By
" = constant N
F;

where i = 1 and 2 refer 1o the measurements made on the loaded
and empry launch tubes, and i = 3 and 4 refer to those made on the
deck. From photographs (for example, Fig. 3) and a measurement
of the launch tube diameter, we estimate that r, = 0.73 = 0.03 m,
n=294*014mr=27*2m,andr, =32 * 2 m.

As can be scen from Eq. 1, each measurement made along a
diferent patn brings with it two new variables: B and F. Only
measurements 3 and 4 were made along the same path (and
therefore have about the same value of F). If we assume that B is
equal at these two points, then the background is given by

k) *
Cary™ — Cary”
—_——

By=By= 3 =109 = 0.5 cps (2)

=

In other words, the count rate on the deck is due almost entirely to
background radiation.

Most of the terrestrial gamma-ray background flux is due to

Fig. 1. (A; The Sovict cruiser
Slava. {Photo courtesy of Con-
gressman Bob Carr (D-MI)] (B)
Diagram showing locations where
measurements were made.  [Re-
printed with permission trom (2$).
copyright 1986, The Naval Inst-
tute Press]
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radionuclides in soil and rock: *°K and decay products of ***Th and
238(J (20). It is reasonable to assume that these radionuclides would
also account for most of the gamma-ray flux above a 10,000-ton
ship, since steel would be contaminated with K, Th, and U
impurities present in iron ore. Because emissions from these radio-
nuclides were 2.0 = 0.2 times more intense in the launch tube
spectra than in the deck spectra, we will assume that the total
background count rate on the launch tubes is twice as grear as that
on the deck: By = By = 22 %= 2 cps (21).

The maximum distance in direction i at which the warhead could
have been detected is given by

Ci—B "
Tmax = i Coim — Bi] (3)
where Cpin 1s the minimum count rate that would indicate the
presence of a warhead. If the background were perfectly uniform,
Cumin Would be determined by counting statistics; for a countng
time of 10 min and a significance level of 3 SD, Cpn could be as
little as 4 to 5% above B;, leading to rmay of 13 t0 20 m (22).
The background was not uniform, however. Our analysis suggests

that the background above the ship varied by about a factor of 2
over a distance of 30 m. If, as would seem prudent in view of this
variability, Cmin must be 30 to 100% above B;, then rmax would
only be 2 to 5 m, and rpax could not be improved by increasing the
detector area or counting time.

The preceding discussion made no use of the high energy
resolution of germanium detectors. Detecting the characteristic
emissions of 2*U or P*Pu represents far more convincing evidence
of the presence of a nuclear warhead than an increase in the total
count rate, and avoids confusing warheads with other radioactive
sources (for examiple, depletéd-uranium bullets) that may be on a
ship.

Because only minute concentrations of **U and #**Pu are found
in common materials, emissions from these radionuclides can be
attributed endrely to the warhead (that is, B = 0). The same
assumption does not hold for emissions from *Tl, however,
because 2%®T1 is a decay product of both 320 in the warhead and
22Th impurities in the steel. Using the measured intensit; of the
911-keV line from *8Ac, which is a decay product of ***Th but not
of P2, we estimated that 79 = 17% of the 2®T1 decay counts
detected on the deck are due to background (23).
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Applying Eq. 3 to cach line, we find that the most detecrable
emissions are the 186-keV line trom *°U, the 414-keV or the 769-
ke une from PPy, and the 2614-keV line from the decay of *?U
{(24). In direction 1 {(above the warhead), rpax = 4 m for 237U and
Py, if we assume a counting time of 10 min and a significance
level of 3 SD;, for 22U, rpax = 5 m. In direction 2 (ro the side of the
faunch tube), rqus = 1.5 m for *°U, 3 m for *°Pu, and 4 m for
321, In direction 3 (in front of the launch tube), rma = 6 m for
35U, 12 m for P°Py, and 6 m for 2U; the lid of the launch tube
apparently provides less shielding than its sides (25). It is apparent
that one must be fairly close to the launch tube to be certain of
derecting fissile materials.

Warhead Concealment

Even if nuclear weapons can be detected as they are normally
deployed, they could be concealed by placing shiclding around the
weapon or by moving the weapon to a part of the ship that is not
open to inspection. It may even be possible to produce special
nuclear weapons that emit very licde radiation (3).

For the weapon in our experiment, the most stringent require-
ment for gamma-ray shielding is set by the highlv penetrating 2614-
keV line. A 100-fold reduction in the intensity of this line would
have been required to make it undetectable ourside the launch tube;
a laver of tungsten at icast & um thick placed between the missile and

Table 2. The observed cnergy, expected energy, and suspected origin of the
peaks in Fig. 2 whose significance exceeded 3 SD (17).

Observed Expected Suspected
cncrgy cncrgy origin
{keV) (keV)

185.7 = 0.2% 185.74 B3y

205.3 = 0.3* 205.33 85y

332.4 = 0.3% 332.81 29py

344.8 = 0.3* 344.94 29py

375.1 £ 0.3+ 375.02 BIpy

380.3 £ 0.9 380.17 Bopy

3826 = 0.9 382.68 B9py

3929 =09 392.99+ 29py

413.7 = 0.2% 413.69 29py

422.6 = 0.3 422.57 29py,

451.5 = 0.2* 451.44 B9py .

478.0 = 0.6 478.4 1°B (n, avy) or "Li (n, n’y)

511.0 = 0.2+ 511.00% Annthifation radiation

583.4 = 0.2% 583.02 08T (from #20))

604.5 £ 0.3 604.71 134Cs (background)

609.4 = 0.3 609.31 214B; (background)

639.9 £ 0.5 640.15 29py

646.1 = 0.3% 645.98 29py

652.5 = 0.5 652.18 29py

661.7 = 0.9 661.84§ 137Cs and **'Am

721.8 = 0.3 722.471 1 Am (from 2*'Pu)

727.7 + 0.3 727.25 22 (from 3?U)

769.0 = 0.3% 769.37 29py

8464 £ 0.3 846.75 %Fe (n, n'y) .

860.2 = 0.3+ 860.30 28T (from *32U)
1000.8 = 0.3% 1001.00 34mpy (from ¥V
1460.6 = 0.2* 1460.83 9K (background)
1591.7 = 0.3 1592.35 **T1 double escape
1942.7 + 0.5 ?
2103.1 = 0.2+ 2103.35 .« T single escape
22232 +03 222325 'H (n, ¥)
2614.4 = 0.2% 2614.35 2087 (from 37T

*Lines used in the least-squares energy calibration. tWeighted average of two lines
from **Pu: 392.30 wcV (0.000116%) and 393.12 keV (0.000444%).  *Combined
with 1 weaker line from 2Tl ar 510.606 keV.  §Weighted average of *7Cs line at
661.660 keV and *'Am line from decay of *'Pu ar 662.426 ke¥'. IWeighted
average of two lines from ¥'Am: 721962 keV (0.000LL3%) ind 722.70 keV
11,000 13%). )
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the launch tube would have been sufficient. Adding this much
shielding is feasible in principle for the launch tubes we examined
(which had 2 12-cm space between the top of the missile and che
inside of the launch tube), but the existence of such shielding could
be detecred by visual inspection or with a few simple gamma-ray
transmission measurements.

Concealing a cruise missile in another part of the ship appears to
be rather difficule—ar least for the United States (2). Linle is known
about Soviet equipment; however, in the case of the Slava, it did not
appear possible to remove the missiles from the launch tubes while
at sea—at least not without the help of a crane from a neighboring
ship. In theory it would be possible to remove the warhead from the
missile, conceal it in a shielded box during an inspection, and
reinstall it afterward. It is not conswdered credible, however, 1o
install a U.S. SLCM warhead at sea withour seriously compromising
the reliability of the missile.

What Can Be Learned About Warhead Design:

It is sometimes said that measurements of gamma-ray spectra
might reveal sensitive details about the design of nuclear warheads.
To investigate this possibility we constructed various models of the
warhead on the Slava, wit the thicknesses of the various compo-
nents adjusted to give the best possible agreement with our measure-
ments.

The observed intensity of a particular gamma-ray emission, C, is
equal to the product of the decay rare per gram of the parent isotope
S, the mass of the parent isotope .V, the self-shiclding factor G (thar
is, the fraction of gamma rays that exit the source unscattered), the
external shielding factor F (the fraction of gammn rave wiiting the

Table 3. The observed intensity, branching ratio, and decay rate of gamma-

ray emissions observed in Fig. 2 that are due to isotopes of uranium and
plutonium or their daughters (14).

Parent  Expected Observed Branching Decay
radio- energy intensity ratio rate
nuclide (keV) (counts/s) (%per decay) (g xs)~!
mye 583.02  0.190 = 0.018 86. 231 x 10"
727.72 0.058 = 0.018 6.65 197 x 10!
860.30 0.071 = 0.013 12.0 3.22 x 1o
1620.66  0.030 + 0.012 151 1.13 x 10
2614.35 1.369 = 0.031 99.79 2.68 x 10"
By 143.79 0.118 = 0.051 105 - 8,400
163.38 0.103 = 0.038 47 3,800
185.74  1.870 = 0.074 53. 42,000
205.33 0.361 = 0.062 4.7 3,800
B 1601.00  0.082 = 0.014 0.65 81
PPy 332.81 0.137 = 0.046 0.000505 11,600
344.94 0.191 = 0.061 0.00057 13,100
37502 0.862 = 0.160 0.00158 36,300
380.17 0.131 = 0.071 0.000307 7,040
382.68  0.160 = 0.073 0.00026 6,000
392.99 0.373 £ 0.090 0.00056 12,800
413.69 1.582 = 0.064 0.00151 34,600
422.57 0.139 = 0.027 0.000119 2,730
451.44 0.318 = 0.036 0.000192 4410
640.15 0.083 = 0.025 0.0000079 181
64598  0.113 = 0.025 . 0.0000145 333
652.18 0.075 = 0.024 0.0000064 147
756.42 0.051 = 0.018 0.0000034 77
769.37 0.158 = 0.020 0.0000110 252
#'Ppur 662.43  0.116 = 0.043t 0.00036 174,000
72247 0:131 = 0.026 0.00013 92,000

*The presence of this isotope is inferred from the observed daughter acvitics.
*After subtracting the background from the decay of 'V’Cs ar 661.660 keV measured
on the adjacent empry launcher.
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source In tie direction of the derecror that arrive unscattered). the
efficicney of the detector € (the fraction of unscartered gamma rays
that are fully absurbed in the detector), and the solid angle
subtended by the detector (1:

C = SMGFe(QU/4=) (4)

Decay vatc. The rate at which a particular gamma rav is emitted. S,
i« cqual to the branching ratio (gammas per decav) multiplied by the
decay rate of the emitting radionuclide (decay counts per second).
The decay rate of the jth daughter, Q;, is given by

Wl ] e
[Tow -
b=0

k#h

191 X 10"’ !
Qj(f) U)

where 1.9 x 10'¢ is Avogadro’s number (6.02 X 10%* atoms per
mole} divided by the number of seconds per vear (3.16 x 107), 1¥"is
the aromic weight oi . parent (grams per mole), t is the age of the
material (vears), and \; is the decay constant of the ith daughter
(years™"). (Qq is the activity of the parent, Q, is the activity of the
first daughter, and so on.)

Self-shielding. 1f the radioactive material is in the shape of a sphere
or an empty spherical shell, then the seif-shielding factor far from the

sphere can be approximated by
=g e (6)

where p is the linear attenuation coefficient and r is the thickness of
the shell; £, which depends on the radius ratio of the shell, ranges
from 4/3 for solid spheres to 4 for thin shells (3).

External shiclding. The external shielding factor F provided by a
series of flar parallel absorbers is given by

Fo=Tlewx (7)
where p; is the linear attenuartion coefficient and x; is the thickness of
the ith absorber along the path between the source and the detecror.
The equarion for a series of sphcricaJ shells in which the thickness is
not much smaller than the radius is much more complicated (3).
Efficiency. The detector was calibrated in the laboratory by using
17 gamma-ray emissions from six radioactive sources of known
strength (Co, ®Y, Ba, ¥7Cs, ***Th, and 2*'Am). The sources
were placed in approximately the samc position relative to the
detector as was the warhead in the measurement or the loaded
launch tube. The efficiency of the detector for the ith line is given by

_| G- B
&= {Qﬁ@/ﬁ)] ®

where C; is ths == 2hunt rate and B; is the background count rate
(counts per sccond), Q is the activity of the source (decays per
second), fis the branching ratio (gammas per decay), and Q is the
solid angle. Figure 4 shows the results.

Solid angle. Accurate evaluation of e solid angle Q requires
knowledge of the shape and size of the source—informarion not
provided by the Soviets. We estimated thart the distance from the
center of the missile to the center of the detector was 73 = 3 cm.
Since the detector was mounted horizontally on the 1auncher
(QV/4rw) = (5.9/73)14m = 0.00052 = 0.00004, where 5.9 is the
length and diamerer of the detector crvstal in cenrimeters.

Analysis of the data. We began our analysis with ***Pu, for which
we observed gamma-ray emissions at 14 different criergies from 353
to 769 keV. The pluronium was assumed to be in the form of an
empry spherical shell in the center of the weapon, surrounded by
ww-, medium-, and high-Z materials. High-explosive was chosen to
represent low-Z marterials (the relative attenuation caused by other
common low-Z materials—beryllium, boron, and aluminum—is
very similar). Medium-Z materials, such as the stee! Jaunch rube,

Fig. 3. {(A) View from the deck of the Slaa showing four of the cruise
missile launch tubes. (B) View into an opened launch tube. (C) Gamma-ray
derector in position for measurement on a launch ube. [Photos courtesy of
Congressman Bob Carr (D-MI))
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were represented by iron. Uranium represented high-Z marerials.
The variables in the least-squares fit were the thicknesses of these
three matetials and the mass and the outside radius of the plutonium
shell. The concentration of 2°Pu was taken to be 96%.

The fact that the low-energy gamma rays from 2°U were seen
implies that there is very litdle high-Z material outside the uranium
(the mean-free-path of 186-keV gamma rays is 0.36 mm in urani-
um). Our initial assumption was a shell of Bsy surrounding a shell
of **°Pu (as in a composite-core fission weapon), but we found it
impossible to obtain a good fit to either the plutonium or the
uranium data with this model. v

If, on the other hand, we assumed thart the 2Pu was immediately
surrounded by low-Z material, it was surprisingly easy to obtain
acceprable fits (x* < 1 per degree of freedom) with many combina-
tons of these variables. The combinations that resulted in acceprable
fies included plutonium radii of 5.4 to 8.0 cm, plutonium masses of
3 to 6 kg, high-explosive thicknesses of 3 to 10 cm, iron thicknesses
of 6 to 8 cm, and uranium thicknesses of 0.1 to 0.4 cm. In general,
changes in the value of one variable could be offset by a combination
of changes in other variables. While these values may seem reason-
able, it is apparent thar this type ui analysis cannot uncover sensitive
design details.

Using the values given by the above analysis and the count rates of
the two **'Am gamma rays, we estimated the percentage of **'Pu to
be 0.20 = 0.10%, which corresponds to a “Pu concentration of
96 = 1% and a ***Pu concentration of 4 + 1% (26). For compari-
son, U.S. weapons-grade pluronium tvpically contains 6% **Pu;
supergrade pluronium (used in some U.S. warheads) contains 3%
0Py (27). '

The analysis of the uranium data is necessarily much less precise
because we have only ten lines from all three isotopes and two
additional variables: the concentrations of »**U and **U. Morcover,
the four **U lines, which cover a narrow range of low energies
(124 10 205 keV), are statistically decoupled from the five **U lines
at much higher energies. The intensity of the single 3U line can
only be used to estimate the concentration of that isotope. The dara
are roughly consistent with a 7- to 15-kg uranium shell with a radius
of about 10 to 15 cm not surrounded by a thick layer of low-Z
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materials. The data are also consistent with a 22U concentration of
0.1 10 0.2 ppb and a 2*C concentration of 4 to 6% [17.S. weapons-
grade uranium is 5.5% 2*U (27)]

Thus, we do not believe that such measurements are capable of
revealing sensitive information about the design of the warhead. Bur
even if sensitive details could be revealed, there are ways to protect
such information. In general, there seem to be three types of
concerns: (1) that the inspecting nation could learn new weapon
design techniques; (ii) that something could be learned about the
general technical sophistication of the other nation; and (iii) that the
information revealed might aid possible proliferators. The latter
problem could be solved simply by keeping the data confidential.
The other two concerns could be ameliorated by designing special
detection equipment that would only collect data in narrow energy

bands of interest (for example, around 186, 414, 769, and 2614
keV).

Conclusions

The measurements we made with the germanium detector on the
Slava provided valuable information for building a verification
regime for SLCMs. Ar close range it is possible to derect the
fissionable materials in at least one type of warhead, even when it is
shielded by a thick launch tube. The ability to clearly identify either
U or **Pu would provide prima facie evidence thar a nuclear
warhead was contained in a launcher.

Detecring line emissions from 2U and P4 is 2 more certain
and, in the absence of extensive background measurements, a more
cfficient method of searching for nuclear warheads than looking for
an increase in the total count rate. The most intense lines from 23U
and *Pu could have been detected through the launch tube at a
distance of 4 o 5 m.

The warhead could have been concealed by placing a thick layer of
tungsten inside the launch rube, but such shielding could be revealed
by simple gamma-ray transmission measurements. Alternatively, the
warhead could be removed to a shiclded box, although this is not
possible for current U.S. SLCMs. Moving the endre SLCM below
decks did not appear possible on the Slava.

Our analysis indicates that passive radiation detectors, even those
with high energy resolution, cannot be used to reveal sensitive
weapon design informadon, at least if such measurements are
constrained to a few locations and counting times of less than 1
hour. There simply is too licde information in the spectra to
constrain the many possible variables in a realistic warhead design.

Finally, it should be emphasized thar passive radiation detection is
only one ool of many that may be usefu! in furure arms control
agreements. Some types of agreements—such as a ban on nuclear
weapons on certain naval vessels, or one in which a particular missile
must be identified as conventional or nuclear—might be facilitated

by such techniques, whereas other types of agreements might not
benefit at all.
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effect on the energy calibeation and the estimates of the areas under peaks, however.
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. We could net identify the gamma-ray emission at 1942.7 keV, which was just

significant at the 3 SD level in the combined specorum.

. 1Bi and *T1 are also decav products of naturally occurring **?Th, but if “*Th

was the parent we also would have observed intense gamma rays ac 911.16, 968.97,
and 1588.23 keV from the decay of 8Ac.

The error in the observed intensity is the error in the curve fit to 1 SD. The

branching ratos arc from E. Browne and R. B. Firestone (Table of Radioactive ..

Isotopes (Wiley, New York, 1986)]. For gamma rays emited by a radicactive
daughter, the decav rate depends on the age of the material; the decay rates given
here arc for a decay ume of 10 years (that is, 10 years after starting with 1 g of the
pure parent isotope). For a decay time of § years, the production rate from 08T is
10% smaller; that from **'Am is 1.8 times smaller. For a decay time of 20 years, the
production ratc from *I1 is 10% smaller; that from *'Am is 1.6 tmes greater.
220 is produced in nuclear reactors in the following way:
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About 1 ppb of 3!Pa, which has a half-life of 33,000 years and a thermal neutron-
capture cross section of 260 bamns, is produced every year by the decay of ***U.
The excited *Li nucleus created by cither reaction would be moving at high speed
when it emics the gamma ray, leading to a Doppler-broadened line with a
maximum width of about 16 keV, just as we observed. '°B could be in the missile
fucl or possibly in the warhead; "Li could be in the thermonuclear fuel.

If 2 gamma ray has an energy greater than 1022 keV, it may create electron-
positron pairs in the detector. After coming to rest, the positron interacts with an
clectron and both are annihilated, leading ro the emission of two 511-keV gamma
ravs. If both of these gamma rays escape from the detector, 2 “double escape peak”
is registered at 1022 keV below the encrgy of the original gamma ray; if only onc
escapes, a “single escape peak” is recorded. Thus, the strong 2614-keV gamma ray
leads to single and double escape peaks at 2103 and 1592 keV. The peak at 511
keV arises from pair production in materials outside of the detector.

The probability of 3 SD occurring ar random is 0.13%; for 4 SD, it is 0.0032%
(one chance in 30,000); for 5 SD, it is 0.000029% (one chance in three million).
The mean-free-path of even low-energy gamma rays in air is large compared to the
distances under consideration (for example, 65 m ar 186 keV'). Moreover, the finite
size of source docs not cause significant crrors even at short distances: r~2 scaling
underestimates che solid angle by less than 4% for a source-to-detector distance of
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73 cm and a source radius of 10 cm.

These three sources, in roughly equal amounts, tvpically account for more than
90% of the background gamma-ray fux; cosmic rays, cosmogenic radionuctides
{for example, '*C in the agnosphere), fallout, airborne radon, and other primordial
radionuchdes account for less than 10% [Nadonal Council on Radiological
Protecdon (NCRP), “Exposure of the population in the United States and Canada

from narural background radiation” (NCRP Report 94, NCRP, Bethesda, MD,
198N)1.

. We observed five lines from **Bi and *'“Pb (daughters of >*U), one line from

Z8Ac (a daughter of ***Th), and onc line from “K. The ratio of the intensity of
these lines on the launch tubes to their intensity on the deck was 1.8 = 0.2,
2.8 = 1.2, and 2.5 = 0.3, respectively. If the three sources conwibute roughly
equal amounts to the background Hux, the average ratio is 2.0 = 0.2. However, the

presence of humans nearby, each of whom contains more than 100 g of K, makes
the ¥K ratio of doubdful utilicy.

. Let ¢ and b be the toral number of counts and the total number of background

counts recorded ina given ame . Thens = ¢ — b, 0,° = 6.° + 0,°, and s = mo, for
a signal significant at the mo kvel. Solving for 5, we have s = Vam®[1 + (1 +
8bim*)'?). If b = Bt = (10.9 cps) (600 s) = 6540 counts and m = 3, then s = 348
counts, which is 0.58 cps or 5.3% of the background rate. Similaly, if B = 22 ¢ps,
s would be 0.82 cps or 3.7% of B.

. By comparing the intensity of the 911-keV **Ac line ro the intensity of the 383-

and 2614-keV *™Tl lines as measured on the deck, we estimate, after correcting for
differences in detector efficiency and self-absorption by the steel, that 79 = 17% of
the *®Tl counts on the deck arise from the decay of ¥*Th. The 2614-keV
background count rate was therefore 0.0058 = 0.0017 cps on the deck; since the
ratio of 911-keV count rate on the launch tube to that on the deck was 2.8 = 1.2,
the background count rate on the launch tube was 0.016 * 0.008 cps.

. In this case, Eq. 3 must include in B; the background gencrated by the warhead

itself due to Compron-scattered gamma rays. HYPERMET produces esimates of s
an:i [ ‘which can be used to cstimatc this source of “background.” Since
al=ol+a =c+b=s5+ 2 b= (0~ 5)2 Therefore, the Compron-
scattered component of the background at ry,, is given approximately by
Yo, —5) (r;/rm)z.

- If we adjust the thickness of steel in the launch tube lid so that the 186- and 2614

keV lines have the correct intensity at point 3, then we would predict the 769-keV
line to be much lower in intensiny | ind the 414-keV line to be greater in intensity)
than we observed at this point. The results are, however, roughly consistent with 2
model in which dhe plutonium is shiclded by heavy metal in direction 3 but that the
uranium is not (as might be the case in a thermonuciear weapon with the sccondary
facing forward).

These concentrations are for a Pickering-type Canadian deuterium-uranium reac-
tor. The concentrations of **Pu and **°Pu for a given **'Pu concentration are very
similar in a graphite production reactor.
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