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Fig. 1.
Survey instruments.

C. Passive Neutron Scan

Weapons with *°Pu or massive amounts of 238U
provide sufficient spontaneous fission neutrons for a
passive neutron scan to locate the neutron sources.
Because a proton recoil detector has little response to
neutrons below 500 keV, these detectors may be easily
collimated using a polyethylene moderator. Pulse shape
discrimination is provided for gamma-ray rejection, and
useful neutron data may be taken in gamma fields of up
to 2 MeV/kt.
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Fig 2

Block diagram, passive ggmma-ray system.

The detected neutron count is stored in a scaler and
recorded manually for a series of discrete locations spaced
as for the passive gamma scan. Nominal counting times
range from 100 to 400 sec. Approximately 100 runs are
required for an inspection; thus, the total time required is
again about 8 h.

Figures 5 and 6 show the passive neutron system
consisting of a neutron detector in a polyethylene
collimator and an electronics package. Figure 7 shows the
polyethylene collimator in more detail. The detector
normally used is a Nuclear Enterprises NE 5553B (NE
213) proton recoil pulse-shape discriminating detector. In
the presence of a high (up to several R/h) gamma field in
the area, a ZnS photomultplier detector could be used
because of its superior gamma rejection capability. No
preamplifier is required, because the output of either
detector unit is’ of sufficient amplitude to allow direct
connection to an amplifier.

To make spectrum measurements, the detector
output signal is routed to the Ortec 410 amplifier
operated in the double-delay-line differentiation mode,
then through the Ortec 427 delay amplifier and Ortec 426
linear gate (triggered by the PSD output of the detector)
to the mulichannel analyzer. If neutron counting only is
desired, the PSD output is routed through the amplifier to
the scaler and the neutron count is recorded in tabular
form. The detector and collimator weigh 90 Ib and are 3
ft* in volume. The main electronics package, consisting of
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Expanded region of interest for spectrum of Fig.
15.

in the photomultiplier tube to cause the detected gamma-
ray peak to shift partially or completely out of the
single-channel analyzer windew. Thus, the window setting
is checked before and after use. A background is taken at
each Nal position without the gamma-ray source in
position. Also, the source is positioned in direct view of

the Nal detector at the start of a scan to provide zero
attentuation data.

For the (v, n) technique, the amplifier gain and
discriminator level on the scalers used with the °He
detectors is checked to be sure that the detectors are
counting essentially only neutrons.

The analyzer-calculator system is checked with a
diagnostic paper tape and diagnostic programs for the
calculator, printer, and plotter and for the muitichannei
analyzer-calculator interface.

2. Deployment of Prototype Equipment. In addi-
tion to the ACDA prototype equipment shown in Figs. 1,
3,6,9,11,14,and 17, other necessary elements of the
inspection system are the appropriate positioning hard-
ware for the silo or assembly bay, tools and miscellaneous
supplies, an equipment shelter or transport vehicle, and a
power source. In various combinations, these elements
have been deployed by LASL in four separate field
operations during the development of the system.

The first two trips were to the AEC Pantex Plant at
Amarillo, Texas, to examine individual weapons systems.
On these trips the equipment was transported from LASL
to Pantex in an equipment shelter mounted on a 3/4-ton
pickup truck. Because these two trips were experimental,
some of the hardware required in a “real” inspection was
not needed. The third trip was to the Navy’s Polaris
Missile Facility Atlantic (POMFLANT) at Charleston,
South Carolina, to examine a Polaris A-3 in a maintenance

Fig. 17.
Support and spare equipment.
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WEAPON DESIGN CHARACTERISTICS
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indicated in parentheses.

W53. Some time was spent examining the W53

. Zero-attenua-
tion source-strength ratios were obtained trom laboratory
spectra The relative source
strengths were obtainea by integrating the detector
counts under the peaks, the value being
obtained by summing several of the peaks in the complex
(the specific peaks are not important for this example).
The fact that these numbers also contain a detector
efficiency factor is not important, because the interest lies
in how these relative source strengthsf _

change with source and absorber thickness.
‘The thin-sample measurements are given in the top line of*
Table 11.

14

TABLE Il

RELATIVE INTENSITY-?*U LINES

Layer Thickness
System (cm)

A B
Thin 0
0.10 0.05
2.50 2.00
0.10 0.05
2.50 2.00
0.10 0.05
2.50 2.00
0.10 0.05
2.50 2.

W62. A spectrum with wide collimation (as dis-
cussed previously) taken in the channel region of the W62
(Minuteman III) is shown in Fig. 20,

UNCLASSIFIZD
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Fig. 19. Fig. 20.

7/27/70 Run 2. W53 at secondary. Detector 49-5/8 7/27/70 Run 4. W62 in channel with wide coilima-
in. from centerline of warhead. Run time = 1000 : tor. Detector 32-1/2 in. from centerline of warhead.
sec. Run time = 1000 sec.

o
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W68. The spectrum from the W68 (Poseidon C-3) is
shown in Fig, 21.

v R

W56. The spectrum shown {rom the primary region
of the WS6 in Fig. 22;

"Mk _28-Y3 and Mk 43.Y1. The weapon spectra
shown for the Mk 28-Y3 and the Mk 43.Y1 (Figures 23,
24, and 125). aithough not from U.S. strategic missile
systems, |

16
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“Figure 23 strikingly shows the advantage of Ge(Li)
over an Nal spectrum (Fig. 24) taken at rthe same
location. |

In Fig. 25, the spectrum from the primary region of
a Mk 43-Yl is shown. '

4. POMFLANT Passive Gamma Data. The LASL
trip to POMFLANT in August 1970 was the second visit
to that facility under the ACDA FT-25 program; the
Naval Research Laboratory (NRL) had made passive
gamma measurements at POMFLANT in April 1970.

Figure 26 is a schematic of the geometry for both
the LASL and the NRL passive gamma scans on the
Polaris A-3. The missile was horizontal with its axis about
SS in. above the floor. In the NRL case the linear scan
was made with the front face of the 1 by 4 in. collimator

NI B

FEVAV

SIFIED



I StiRet ™ CL ASZI?EKD

Fig. 21 R o -

7/27/70 Run 15. W68 ; ;

b LD t primary. Det i Fig. 22.

from centerl ? v. Detector 34 in. 7/27/70 R :
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. e = sec.
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27 in. from the axis of the Polaris A-3 st the primary
location. The scan started 6 cm above the axis of the
Polaris A-3 and went to 42 cm below the axis. The NRL
Ge(Li) spectra were taken in 512 channels spanning the
energy range from O to 2.6+MeV, too few channels to
take full advantage of the high-resolution detector. In
scans of this type, points are generally obtained from each
spectrum by summing the counts under specific peaks
(indicated by their energies in keV) and subtracting the
Compton continuum background.
Three examples are shown in Fig. 27.

Fig 23.
7/27/70 Run 10. Mk 28-Y3 at primary. Detector 28
in. from centerline of weapon. Run time = 1000

“SESRET
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Fig. 25.
7/27/70 Run 16. Mk 43-Y1 at primary. Detector
31-1/2 in. from centerline of weapon. Run time =
1000 sec.

e}
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Fig. 26.
Schematic of linear passive gamma scans on Polaris
 A-3. Warhead positions at the primary elevation are

Fig. 27.
NRL passive gamma scan at primary section of
Polaris A-3 Ge(Li) detector = 31 in. from axis of
A-3. Linear scan with collimation 1 by 4 in. Run

- BNCLASSIFILD
19
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LASL passive gamma scans at primary section of
Polaris A-3. Ge(Li) detector = 55 in. from axis of
Polaris A-3. Linear scan with collimation 1 by 4 in.
Run time = 400 sec.

In Fig. 29, an axial scan of the Polaris A-3 is shown.

Examples of the Ge(Li) pulse-height spectra from
which the LASL scan data were derived are shown in Figs.
30 and 31. These spectra were taken in 1024 channels,
identical to those that would be taken with the ACDA
analyzer. The spectrum from the primary of the W58
(Fig. 30) can be compared to that taken on the W56 (Fig.
22) to illustrate the effect of going from 2048 to 1024
channels. Note that the entire spectrum such as displayed
in Figs. 30 and 31 is accumulated at each scan point. Thus
any or all of the lines visible in the spectrum can be used
for analysis.

Fig. 29.
LASL axial passive gamma scan of Polaris A-3.
GefLi) detector = 55 in. from axis of Polaris A-3.
Collimation 1 by 4 in. Run time = 400 sec.

§. Minot Passive Gamma Data. At Minot AFE,
North Dakota, data were taken on the Minuteman Il
system with three W62 warheads. Measurements were
made in an assembly bay, and some of the same
measurements were duplicated in an actual inspection in
an operational silo. The general configuration for the
measurements is shown in Fig. 32. -

Axial scan results are illustrated in Fig. 33..

T
«.
5 -
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Fig. 30.
9/28/70 Run 8. Poiaris A-3, W58 warhead at

primary location. Detector 55 in. from axis of

Polaris A-3 with | by 4 in. collimation. Run
rime = 400 sec.

Fig 31.
9/28/70 Run 12. Polaris A-3, W3¥ warhead at
secondary location. Detector 55 in. from axis of
Polaris A-3 with [ by 4 in. collimation. Run
time =.400 sec.
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Excellent circular scan data obtained in the assem-
bly bay measurements are shown in Fig. 34

The solid lines in Fig. 34 are meant to guide
the eve only and do not represent any calculated or
theoretical result.

The circufar scan data taken in an operational silo
are shown in Fig. 35. Although the silo scan covered only
1307, it is apparent that the data generaily reproduce the
results obtained in the assembly bay. The arbitrary origins
tor the angular scales are ditterent in the two sets of data,

Fig. 32.
Schematic lavour of Minuteman (11 warhead svstem.

4

Fig. 33. Fig. 34.

Axial passive gamma scan of Minuteman I, W62 Circular passive gamma scan at primary section of
MRV. Ge(Li) detector 46-1/8 in. from axis of Minuteman HI, W62 MRV in assembly bay. Ge(Li)
nuissile, collimation 1 by 5-3/8 in. Run rime = 200 derector 46 in. from center of reentrv svstem with
sec. 3/4 by 5-3/8 in. collimation. Run time = 200 sec.

M
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Fig 35.
Circular passive gamma scan at primary elevation of
Minuteman [II, W62 MRV in an operational silo.
Ge(Li) detector 41-1/2 in. from center of reentry
system with 3/4 by 5-3/8 in. collimation. Run
time = 200 sec.

but the two sets can be overlapped by matching up the :
major lobe at 175° in the silo data with any of the major

lobes observed in the assembly bay runs. Scans at 10°
increments were not done at the secondary location
because of time limitations.. However, spectra taken at

locations corresponding to a major lobe, minor lobe, and

inimum verified the count rates observed

sensitivity

B. Passive Neutron Technique

1. Detector and Collimator Development. The qual-
ity of multiple warhead measurements with collimated
fast neutron detectors depends on the collimator used. To
determine a proper collimator to go with the PRD,
response functions were measured for a variety of
polyethylene (CH;) collimators. Previous experience indi-
cated a 2-in.-diam by 2-in.-long PRD would have adequate
and could also be easily collimated.

Fig. 36.
Linear passive gamma scan at primary elevation of
Minuteman III, W62 MRV. Ge(Li) detector 46 in.
from axis of reentry system at tangent point.
Collimation 3/4 by 5-3/8 in. Run rime = 200 sec.
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Measurements were made with a smail PuLiF neutron
source of average energy of 1.3 MeV. Figure 37 shows, as
an example, the measured response function data for the
2 by 8 in. collimator at 50 c¢m together with a calculated
response function. The close agreement is obvious, and
any desired collimator response at any given source-to-
detector distance can be calculated with confidence.

The basic collimator size of 2 by 8 in. is adequate
for most purposes. For a typical multiple warhead-to-
detector separation of 80 cm, the collimator full width at
haif-maximum (FWHM) is about 20 cm, |
‘ 777 For greatly ditferent
situations, of course, a ditterent collimator could be
required. The narrowest collimation provided is one-half
that described above.

2. Weapon System Measurements. Collimated PRD

measurements were done on a large variety of weapons.

systems. During the first trip to Pantex, absolute count
rates were taken on the W53, W56, W68, W62, and Mk 28
weapons. Scans using a 2-3/8-in.-diam by 5-in.-long CH,
collimator indicated the need for better spatial resolution
for the system and provided the impetus for the collima-
tor response function work discussed above. Two
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Fig. 37.
Measured and caiculated collimator response func-
tion for 2 by 8 in. collimator, source at 50 cm.

examples of these first scans are presented. Figure 38
shows a scan of the Mk 28 at the centerline of the
primary perpendicular to the axis of the system. The PRD
was 61 cm from the axis at the point of closest approach.
Figure 39 shows a similar scan on the W68 system at a
minimum separation of 65 cm. These two scans represent
count rate variants found .

_The indicated FWHM for both scans are
nearly the same 45 and 43 cm, respectively, because the
large collimator opening is the controlling factor.

For the second Pantex trip, a 2-in.-diam by 8-in.-
long CH; collimator was used. Also, the PRD axis was
changed to be perpendicular to the collimator axis to
reduce the radial dimensions of the system. This resuited
in a small & 20%) reduction in neutron detection
efficiency. A so-called “mock Mk 28 MRV"” system was
scanned circumferentially with the revised detector. A
schematic layout of the mock MRV is shown in Fig. 40.
Three Mk 28s were placed on end, as close together as
external dimensions would allow. Figure 41 shows the
resuits of the circumferential scan at the elevation of the
primaries. The three-warhead pattern is obvious, although
the maximum net count rate in the PRD was only

“counts/sec. The neutron background for
these measurements was 0.5 counts/sec and each data
point was counted for 400 sec. Data were taken at 10°
increments and the total elapsed time for the measure-
ment was about 6 h.

Fig. 38.
PRD-PSD scan (vertical), 2-3/8 by 5 in. collimator
scan of Mk 28.
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Fig. 45.
Circumferential scan of Minuteman III in AS&I Fig. 46.
building. Circumferential scan of Minuteman III in opera-
tional silo.
Table 111 summarizes the collimated count rate data two orders of magnitude. At least some scan data were
for the 2 by 2 in. PRD for several systems under a variety taken on all the systems listed.
of conditions. The observed and scaled count rates cover .
TABLE 1

COLLIMATED 2 BY 2 IN. PRD COUNT RATES FOR VARIOUS WEAPONS SYSTEMS

Source-to- Scaled Net (count/sec)
PuMass HE Thickness Detector Distance Collimator Net for 2 by 8 in. Collimator
System (kg) (in.) {cm) Used (Counts/sec) . at78 cm
27
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3. Neutron Spectra from Plutonium Primaries. The
utility of neutron spectral measurements was investigated
during the development of the passive neutron technique.
Although the results were not significant to the MRV
problem in the end, they are reported here for complete-
ness.

—————— g

This result indicates that a passxve neutron spectral
determination is not intrusive with respect to determina-
tion of RV design details, because small changes in
spectral shape or magnitude (even if detectable by the
measured spectral data) are not absolute changes that can
be compared with a known reference design.

28

Fig-47.

Calculated spontaneous fission neutron spectrum
from W62 (Mk 12) primary at outer surface of
reentry vehicle.

For comparison of the calculations with experi-
ments, the proton recoil pulse-height distribution due to
neutrons incident on an NE 213 liquid organic scintillator
was measured for the neutron spectra emitted from a Mk
43 primary and a W62 primary. Both measurements were

‘made_at the Pantex Plant, Amarillo, Texas. |
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total of 42 mCi. One objection to this source is that the
same energy gamma is emitted by some weapon compon-
ents. However, it would require approximately 400 kg of
thorium, for example, to provide the same intensity
gamma-ray source. Such a large amount of thorium is
unlikely. ;

. Because the
detector is fixed for each scan, the background intro-
duced by the system under inspection can be accurately
measured and subtracted from the response caused by the
external source. Naturally, some loss in accuracy results
from counting statistics.

Scattered gamma rays are degraded in energy.
Therefore, if the source consists of a single high-energy
gamma ray, and if the detector has adequate energy
resolution, scattered events are rejected. The dynamic
range of the technique is simply the gamma-ray attenua-
tion factor, which can be detected above background.
With a Nal detector, a dynamic range of 1000 is routinely
observed, which is the attenuation introduced by about 3
in. of uranium. A Ge(Li) gamma detector possesses higher
resolution, and as a result a larger dynamic range is
possible. However, the gamma detection efficiency is low.
Thus, if observation time is limited, the increased efficien-
cy of a Nal detector is desirable even at the expense of
poorer energy resolution.

The overall spatial resolution is not precise and is
controlled in part by the physical size of both the source
and detector and in part by the scan rate. Since the data
are taken essentially point by point, the total quantity of
data is restricted by any reasonable inspection time
limitation.

2. Developmental Results. During the accelerated
program, a large number of gamma transmission scans
were made on a wide variety of nuclear warheads. The
presentation here is limited to some examples demonstrat-
ing the results achievable on those operational U.S.
weapons systems specifically designated in the scope of
work. The data are presented generally as transmitted
intensity (counts/channel} as a function of source posi-
tion (channel number). Thus, low intensities represent
regions of high opacity (integrated u x) between source
and detector.

__ . Figure 54 displays a scan 1 along the axis of the W62.

Figures 55 and 56 are scans of the W53, which is
the single warhead deployed on the Titan II. This
operational U.S. weapon is considered representative of

the weapon design expected in large Soviet systems such _

as th

~

Fig. 54.
Gamma transmission scan along the axis of the
W62,

Gamma transmission scans were made of several
different multiple systems, each consisting of three
warheads; however, the extension to varying numbers of
warheads can be inferred for most reasonable arrays. Two

Fig. 55.
Gamma transmission scan of the W53 across the
primary region.
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adjacent to one of the warheads, and the source path is on
the opposite side of the system. In the “‘doublet™ setup,
the detector is midway between two warheads. The
nomenclature is consistent with that used to describe the
passive scans. Admittedly, these are special orientations;
however, scans made at intermediate locations have been
found to be just as valuable. In fact, scans made with
these two selected orientations possess a left-right sym-
metry about the source centerline position shown in the
ﬁgure:

The first multiple system scanned was composed of
three Mk 28 warheads, placed in_a very close-packed
array, as_shown in Fig. 40.|

Fig, 56,
Gamma transmission scan of the W53 across the
secondary region.

principal geometries used for the scans are displayed in

Fig. 57. In the “singlet” geometry, the Nal detector is . e
¢ i . | To compare “scans using Ge(Li) and

Nal detectors, Figs. 58 and 59 are singlet scans, respec-
tively, of the Mk 28 mock muitiple at Pantex, taken at

G‘“::();‘:ff:f:;“'“ T the primary elevation with the same source scan rate. It is
TNO ScaLE) clear that, under these conditions, the greater efficiency
of the Nal detector yields scans with more detail than the
Ge(Li) detector, despite the inherentlv oreater dvnamic
range of the latter. |
{ SOURcE
PATH
a8 — !
DETECTOR | | o
Figure 60 is the doublet scan of the Mk 28 mock
MRYV at the primary locauon with the Nal detector. In
this particular case, the linear motion of the source was
(a) SINGLET
SOURCE
PATH
.bETECTon
Y
{b) DOUBLET
Fig 57. Fig 58
Schematic lgyout for the singlet and doublet Singlet gamma transmission scan of the Mk 28
geometries used with the gamma transmission mock MRV across the primary region using the
technique. Ge(Li) detector.
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Fig. 59.
Singlet gamma transmission scan of the Mk 28
mock MRV across the primary region using the Nal
detector.

not adequate to permit a fully symmetric scan. The
source centerline position is located near channel 175 as
indicated, If this were an unknown system, a quick
comparison of the singlet and doublet scans of Figs. 59
and 60 would indicate that the system is not symmetric
to this rotation by 120° and is probably therefore

multiple.

Fig. 60.
Doublet gamma transmission scan of the Mk 28
mock MRV across the primary region.

SR UNCLASCIFIED

The second multiple warhead system to be scanned
was an operational Polaris A-3 containing three W58
warheads. As an example, Figs. 61 and 62 show the
singlet and doublet scans. respectively.

The third multiple warhead system to be studied
was the operational Minuteman III MRV system contain-

_ing three W62 nuclear packages. |

All of the scans discussed above were carried out in~

an assembly bay. It has been argued that inspection

Fig. 61.
Singlet gamma transmission scan of the Polaris A-3
across the secondary region.
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Fig. 66.
Singlet gamma transmission scan of the Minuteman
1T across the secondary region. This scan was made
on a deployed system in an operational silo.

necessitate increasing the length of time to perform the
inspection. Neither result appears justified by any minor
benefits to be obtained from a smaller source.

i

Table V displays the influence of background on
the statistical accuracy of the data. The example chosen is
the minimum near channel 63 in the data displayed in
Fig. 67. Table V gives the accuracy achieved for three
cases. Case I has no background introduced by the
inspected system. Case II is that observed in the work on
the Polaris A-3, which amounted to a background level
nine times the net signal at the minimum. Case III is a
hypothetical case in which the background level has been
increased by a factor of 10 over that observed with the
Polaris A-3. Only in Case III does the accuracy deteriorate
significantly, It should be remembered that the example
selected was a minimum in the data, i.e., a “‘worst case”
example.

The linear spatial resolution of the gamma trans-
mission technique, as proposed, i$ determined by the
physical size of the source and detector. In the work
reported here, the source was small ¢ % in.) and the 3 by
3 in. Nal detector was used. The resulting spatial
resolution is therefore about 2 to 3 in. Table VI
summarizes data related to the intrusiveness of the gamma
transmission technique by displaying some of the dimen-
sions of the W62 warhead as inferred from the axial scan
of the Minutemaﬂ‘,_u_l,fi}- 65. "

KL

("

-
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Fig. 67.

Gamma transmission data showing the result of
background subtraction. The background was intro-
duced!

| Alternativély, the '

out) and a correction can be made which depends on the

_ detector size and scan geometry. This latter technique was

TABLE Vv
EXAMPLE OF DEGRADED STATISTICAL ACCURACY
DUE TO BACKGROUND
Observed Background Net
Counts/ Counts/ Counts/ Accuracy
Case  Channel Channel Channel (%)
I 365 0 365 S
I 3700 3335 365 17
II 33365 33000 365 50
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TABLE VI

LINEAR DIMENSIONS INFERRED
FROM THE GAMMA TRANSMISSION SCAN
OF THE MINUTEMAN 111, FIGURE 65

used in a series of laboratory measurements on a bare pit.
Even with this technique, errors of 5 to 10% remained in
the inferred diameter. Thus Table VI is a realistic
presentation of the accuracy with which dimensions can
be inferred from a gamma transmission scan,

The inferred diameters of primary or secondary
from a single measurement such as presented here are also
subject to an error from the possibility that the scan was
not exactly along the axis of the system and hence a
chord rather than a diameter was being measured. For
reasonable offsets, this error is fairly small}

Given enough
inspection time, this error can be reauced to negligible
proportions by taking several closely spaced scans.

In this analysis, the relative positions of source,
warhead, and detector are known so that the most
accurate case is represented. In an inspection of an
unknown system, some additional uncertainty would be
introduced by the errors in estimating warhead locatioa.
It is therefore concluded that the large dimensions, such
as warhead separation, or primary-to-secondary distance,
can be inferred reasonably well. It is much more difficult
to infer dimensions of the order of the spatial resolution,
e.g., the diameters of the primary and secondary. An
attempt at a measure of small dimensions, e.g., the
primary shell thickness, is meaningjess. .

The effective linear resolution of the gamma trans-
mission technique is also influenced by the rate of data
taking. As an example, the Polaris A-3 data of Fig. 62
were accumulated every 5.5 sec, corresponding to a
source motion of about % in. per channel. The same scan
is displayed in Fig. 68 where data points were accumu-
lated every 20 sec, corresponding to about 1 in. per
channel. Most of the detail is preserved, as expected, since
the smearing due to source motion is still less than the
inherent spatial resolution of the 3 by 3 in. detector. For
a source motion of ~ 3 in. per channel the data ase
becoming marginal with only one or two points per
minimum. At 9 in. per channel it is obvious that the data
ate useless for an inspection technique. A data rate of

’ Sicpip UNCLASSIFIED
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Fig. 68.
Gamma transmission data showing the influence of
data-taking rate on linear spatial resolution.

about % to 1 in. per channel appears optimum for the
expected conditions.

D. Radioactive Source (v, n) Technique

1. Introduction. The (y, n) technique has been
developed specifically for large strategic weapons systems
that might prove more difficult for the passive gamma and
neutron techniques. In particular, the (y,n) technique
appears appropriate to various models for single and triple
warhea . Experiments
were done on a vanety ot weapons and components and

tron codes. This process served to normalize the neutron
codes ; \genemted at LASL
could 'be calculated for (v. n) response. These results were
evaluated and used to determine the requirements on
source intensity, collimation, and detector sensitivity.

2. Neutron Detector. The general requirements for
the detector are (a) high neutron detection efficiency for
low-energy neutrons and (b) low gamma-ray sensitivity.

The gamma sensitivity of a slab neutron detector
results from gamma pulse pile-up. Since neutron pulses

were duplicated calculationally using Monte Carlo neu- [

?/ -

BT IVEY eiip
(P
H



are considerably larger than a single gamma pulse, the
v/n ratio can be reduced by operating at high discrim-
inator bias levels, Hoever, this process also reduces the
absolute neutron detection efficiency. An equally prof-
itable approach is to operate with shorter time constants
in the neutron pulse amplifier, which decreases the
number of piled-up gamma signals accepted in a given
count interval. These and other practical considerations
led to the final detector design shown in Fig. 12.

The efficiency of this detector is about 0.003 for a
point source of 0.5-MeV neutrons at 100 cm. The
efficiency for (v, n) or induced fission neutrons will be
within * 10% of this value. The relative gamma and
neutron sensitivities are displayed in Fig. 69. With a
discriminator setting of 1.50 (0.5-u sec time constant, 4-V
neutron pulses) the 6 R/h gamma count rate due to
pile-up is < 0.2 counts/sec, and the corresponding neu-
tron counting efficiency is 70% of the zero bias value.
Since the gamma source shield and collimator is such as to
reduce the gamma field at the neutron detector to
< 100 mR/h for the inspection source, the basic discrim-
inator settings deduced from Fig. 69 should be conserva-
tive.
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Fig. 69.

(. n) detector relative gamma and neutron sensitiy-
ities as a function of detector bias.
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3. Gamma Sources. When considering the fraction
of usable gammas (E7 2 2.23 MeV) in the total source,
only two sources appear suitable for photodisintegration
of deuterium. These are the 2.61-MeV 2Tl source
(¥2 U or 2* Th as the parent isotope) and the 2.76-MeV
%Na source. Both have a very high usable-to-total gamma
ratio; that is, gamma dosage to personnel and materials is
minimized for a given (v, n) effect.

The (7, n) experiments at LASL and Pantex were
performed with 15 and 25-mCi, 2.61-MeV gamma sources
from 20/ppm 23 U in 33 U material. However, the results
for 2.61-MeV work are equally valid for 2.76 MeV. The
D(+, n) cross section at 2.61 MeV is 1.36 mb, and at 2.76
MeV is 1,60 mb. Further, a Monte Carlo neutron

calculation indicated that the difference between neutron

penetrabilities |

The (y,n) experiments indicated the need for
approximately 250 mCi (9.25 x 10° v/sec) of 2.61-MeV
equivalent gamma activity for reliability. The choice of
the best source for the (y,n) technique is not yet
resolved. It does not appear that *? U or *® Th in the
required activity can be obtained readily. On the other
hand, #*Na has a short half-life (15.0 h), which means that
the logistics of supplying the 250-mCi source are compli-
cated. The requirement for 250 mCi is not abolute--the
source strength could be as high as 1 Ci or as low as 100
mCi. This range corresponds to about 50 h useful *Na
lifetime. Even if 23 U or ?*® Th sources were available in a
250-mCi size, experience at the Savannah River Labora-
tory with 228 Th sources indicates that (a, n) backgrounds
could be a problem. That is, in the 22U - %2 Th decay
chain to Tl, five or six high-energy alpha particle
decays aiso occur. These alphas can interact with oxides
or other low-Z impurities in the source to produce
neutrons. A source would have to be very carefully
prepared to avoid excessive (@, n) backgrounds.

For the beryllium sensing source, **Sb is a source
of 1.69-MeV gammas of sufficient energy to produce
Be(7, n) neutrons but are well below the D(vy, n) thresh-
old. Antimony-124 has a half-life of 60 days, so that a
source could be made up conveniently to serve a few
months inspection period. New sources would have to be
provided periodically. [t appears that a '*Sb source
providing about 25 mCi of 1.69-MeV gamma activity is

-suitable for the bervilium sensing measurements. This

would mean an actual 50-mCi '** Sb source because the
1.69-MeV gamma occurs in only 50% of the '#* Sb decays.

4. Gamma-Ray Shield and Collimator. A collima-
tor having a FWHM of about 35 ¢m at 100 cm from the
source has been used as the design criterion..

In a circumferential scan this resolution would

be adequate to resolve muitiple warheads.
An additional requirement on the collimator-shield
is for adequate neutron detector and personnei shielding.
Experimental dose measurements with the 25-mCi 2.6-
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MeV source indicated that about 6 in. of lead equivalent
would be required for a nominal 250-mCi source. This
reduces the gamma field to < 100 mR/h at the neutron
detector. Personnel dosage rates would be within toler-
ance with this shield based on a scale-up from shields used
with the 25-mCi source.

S. (v, n) Experimental Measurements. The various
systems interrogated, together with source-to-target sep-
arations and the basic experimental results, are shown in

Table VII. A wide range of weapon designs was covered..

“These experimental measurements were relatively easy to
carry out, even in the presence of a considerable
background, and scaling these experimental measurements
to different source - target distances is relatively straight-
forward. Data were taken on the W53 in which the
source-to-target distance was varied. The effective (y, n)

detector.

count rate varied approximately as 1/R? over the range
40 to 120 cm. For separations greater than 120 cm, the
variation follows more nearly a 1/R? or 1/R* variation.

Table VIII shows the scaled count rates for a 250-
mCi source at 100 cm for these same systems. Also
included in Table VHI is a calculated (v, n) count.rate_for
threef _warhead models'

....As will be shown in
some of the experimental scans, statistical accuracies of
this order are tolerable.

A (v, n) scan of} ___ warhead requires
two measurements at each scan position: one with the
collimator open and a second, background, run with the
collimator plugged. Two to three inches equivalent of lead
are sufficient to plug the collimator. A background taken
in this fashion automatically takes into account any
effects the gamma source may have on the neutron

TABLE VIl

(7v,n) EXPERIMENTAL RESULTS WITH 25-mCi, 2.6-MeV SOURCE

UNCLASSIFIED
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TABLE viIl

SCALED (7 n) COUNT RATES
FOR A 250-m(i, 2.6- OR 2.76-MeV SOURCE AT 100 CM

this scan the count time for each individual point was 200
sec.
Figures 71 and 72 show (v, n) scans of the W53.
Figure 71 shows a W53 scan perpendicular to the
cylindrical axis at the approximate center of gravity point
- of the warhead, ;

{ PR a

-
{

‘ . o From these
observations it appears that tne required spatial resolution
for MRV detection can be obtained with the (y,n)
technique.

6. (7,n) Calculations. The observed (y,n) count
rate can be calculated as the product of the following
factors:

-SESRET

Fig. 70.
XW67 (v, n) scan with 25 mCi source and 40 cm
source-to-centerline distance.

() ) 6

where: Dcps = observed net (y,n) count rate.

I'y = gamma source intensity (photons/sec).

(%) = solid angle subtended by the
7

gamma source at the ®LiD.

-

passing through intervening materials.

attenuation of the gamma rays in

IXE“??.LY@!U?S_@L the W53, - warhead svstems are

UNCLASZIFIZD
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Fig. 71.
W53 (v, n) scan perpendicular to axis at center of
gravity with 70 cm source-to-centerline distance.

Fig. 72.
W53 (v, n) scan at spherical end with 49 cm
source-to-centerline distance.

Typical values of f for the systems calculated are §

All the factors in thls formula, except @, can be
calculated in a simple, reasonably accurate fashion. It is
thus possible to evaluate « experimentally by measuring
Dcps for a known system and supplying the other factors.

The Monte Carlo neutron code calculation of a was
done by setting up the warhead geometry and using a
volume_source of D(y,n) neutrons | T

'[ Emergent neutron spectra
“were calculated as well as total neutron fluxes. A few
parameter studies were done to determine the effect of
additional_shielding materials_on neutron output.|
p.. 2 e - ‘ fj . -
| |

The calculational and experimental values of & are
shown in Table 1X. In the two cases (XW67 and W53)
where an experimental and calculated a comparison can
be made, the apparent agreement is to within + 30%. This

agreement lends credence to the calculated values for the | #7 |

""To investigate calculational sensitivity to design
features, some parameter studies were done,

i
1
|
[
{

1
\

\ I
Flgure 73 shows the SORS Monte Carlo neutron

code calculation of the emergent (v, n) neutron spectrum

% SRR UNCLASSIFIED
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z‘However, improvement ;

Lot

R
r o

reqmre‘d”“'a"i'i'f significantly the ifitrusivéness.

Table X summarizes the information that would
certainly be obtained in the first inspections with the
prototype equipment. Data presented in earlier sections
of this report illustrate these categories quantitatively. It
should be recognized that supplementary or confirmatory .
information may be available from many means other
than nuclear detection and would be used freely in any
adversary evaluation of the inspection data.

A further problem arises in any discussion of
intrusiveness because of the distinction beiween that
information which is classified by current security regula-
tions and that which would be news to USSR weapon
designer '

“ Additional comménts on intrusiveness are contained
in the report of the Ad Hoc Working Group of the FT-25
Joint Working Group (see Appendix).

V. Countermeasures
Deliberate countermeasures intended to subvert a

negotiated agreement for on-site inspection might mclude
several approaches,

: "The posmbxl-
" fties for delaying or avoiding inspection are practically
endless (starting with a simple decision not to reach any

,x! ,p\

“ 0
-4

Ny

o

agreement) but were mostly ignored in this study.
Methods of obscuring the results of an inspection are
more germane to the weapon design and detection
instrumentation problems and therefore were considered.

A. Inspection Equipment Vulnerability

TABLE X

OBTAINABLE DESIGN INFORMATION

. Technique Direct Observation

Passive gamma

239 Pll,

B35y, 2%, and natural Th

presence by ¥ lines; gross location by

spatial scan.

Passive neutron
fission; gross location by spatial scan

Gamma Trans

#9py and 238U presence by spontaneous

Integrated attenuation in line of sight 1

mission between source and detector at single
gamma energy
(7. n) D(v,n), Be(y,n) and coupled fission

neutrons
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V1. Operational Considerations

In addition to the prototype instrumentation devel-
opment discussed so far, some feeling for operational
considerations has naturally evolved during the field tests.
Because guidance on various aspects of inspection team
make-up and deployment was requested by ACDA in the
initial planning, these considerations are reported here.

A. Mechanical Fixtures

The prototype equipment discussed earlier was
essentially the instrumentation common to the inspection
of any weapon system. Each inspection will be unique,
however, in the hardware necessary to position and
support detectors and sources. Shields and collimators are
relatively massive, and personnel safety requirements
alone dictate substantial, mechanically stable fixtures.

RS $E6RH UNCLASSIFIED

Some nervousness about inadvertent mechanical damage
to weapons or launchers is to be anticipated also.
Commonality is more likely to be a feature of the
mechanical hardware for inspecting submarine-launched
systems than for silo-launched weapons. -

_deck, dock, maintenance building, or otRer rel"”
atively flat, open space. Portable hoists, stands, and jacks

may then be universally applicable.

Problems with silos are aptly illustrated by the
experience acquired in the Minuteman [II inspection at
Minot AFB. A substantial mechanical engineering effort,
including on-site surveys of typical silos prior to the
mechanical design phase, was needed to devise suitable
fixtures and the procedures for their installation. The
resulting hardware, for the most part applicable only to
the Minuteman system, is based on specific silo layouts,
attachment points, access platforms, and work-cage facili-
ties. The critical point, of course, is that prior access ta
each specific weapon system is required to design and
fabricate the system-peculiar hardware. Otherwise, an
inspection will be impossible.

B. Inspection Team

It seems clear that several levels of inspection teams
are appropriate to the verification concept because
different skills and experience may be needed in different
situations, different time scales may be involved for
inspections, and, in fact, different equipment might be
made available to the several teams. .

! 7 Another “foreseeable dis-
tinction which riight apply occurs at the first application

of a negotiated modification to inspection equipment or
techniques. Certainly, some provision must be made for
such changes. Finally, as already noted, the mechanical
fixture problem may be markedly different in various
cases.

Because the routine case of repetitive inspections,
or perhaps any inspection of an SLBM, probably involves
fewer people and less time and equipment, only the

hardest case (first inspection in a silo environment) is

described further here. The assumption is made that
normal work schedules apply and that the appropriate
preinspection surveys and design work are completed.
Then a minimum of five technical personnel are needed to
complete an inspection, and the required skills and
experience are generally along the following lines:

PhD/MS: Experimental nuclear physicist or
engineer, nuclear instrumentation and weapon
design background; supervisor.

MS/BS: Experimental nuclear physicist or
engineer, nuclear instrumentation and
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radiation detection background.

BME: Mechanical engineer, missile systems
and field test background.

Senior Technician: Electronics and nuclear
instrumentation.

Senior Technician: Mechanical and electrical
systems, field test.

C. Inspection Time

All equipment required for all four techniques will
be used in the first inspection of a weapon system. The
maximum time required to collect and record data is
approximately one working day per technique. Allowing

some time for equipment setup and checkout at the site, .

the technical work would consume about a normal
working week (one shift/day, 5 days/week). Logistic or
administrative requirements for selecting and reaching the
site should be estimated and added separately.

Obviously, the inspection time can be measurably
reduced, as can the size of the inspection team, once the
routine and the responses are established for a specific
weapon system. The extent of the reduction should
remain flexible until some experience is gained.:

VII. Summary and Conclusions

The essential technical conditions enabling the
inspection system to verify multiple warheads inside a
missile shroud by nuclear means include:

® Direct and complete access to the
exterior of the shroud by a team of (at
most) five qualified nuclear weapon
scientists, engineers, and technicians for
(at most) 40 working hours.

e Confirmation by portable nuclear sur-
vey instruments that radiation back-
grounds in the working area are below
negotiated levels, both for personnel
radiation safety and for inspection
purposes.

® Preparation of mechanical supports and
fixtures to position equipment (such as
nuclear detectors, collimators, and rad-
iation sources having weights up to
several hundred pounds and volumes up
to several cubic feet) in the immediate
vicinity of the shroud.

® Access for electronic data processing
and recording equipment requiring

about 20 ft* of space within about 50
ft of the working area around the
shroud and with provisions for cable
runs between the two areas.

The essential inspection data and the information
derived therefrom include:

e Collimated gamma spectra taken at a
number of spatial locations around the
shroud)

[

memes weanon Matenals. ‘Trne spatial Tes-
e g __detector collima-
tion and scanning is adequate for
dimensions of the order of pit diameters
or larger, to allow distinguishing sep-
arate warheads or stages, but is not
sufficient to obtain any component
design detail. Absolute intensities or
intensity ratios at several energies are
nonunique in terms of amounts of
source materials or intervening absorb-
ers and therefore are not revealing in
design detail.

e Collimated fast neutron count taken at
a number of spatial locations around
the shroud. The measurement does not
distinguish the source of the neutrons
per se, but those observed arise predom-
1inately from spontaneous fission in

o The spatial resolution
is generally poorer than that of the
passive gamma spectra scans, and thre
two passive techniques would be redun-
dant for some designs in the absence of
countermeasures. However, reasonable
design variations may, for example,
make the 400-keV *? Pu gammas diffi-
cult to observe while the *°Pu neu-
trons still stand out, or vice versa. In
.addition, A

&
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e (Gamma transmission scans with a fixed,
uncollimated Nal detector and a moving
isotopic gamma source. The detector is
used in a single-channel mode set on the
source energy so that the unscattered
transmitted beam is detected. An array
of scans is taken to locate high-density
shapes consistent with primary pit, sec-
ondary, and radiation case patterns.
Spatial resolution and dynamic range
are controlled to be as unintrusive as
possible within the bounds of high
confidence in identification. The princi-
pal deficiencies in the transmission tech-
nique result from the inability to distin-
guish between inert and nuclear materi-
als in the interpretation of the scans,
and from the complexity of the traces |,

s

e Photodisintegration of deuterium in
thermonuclear fuels using a collimated,
isotopic gamma source and a co-located,
uncollimated, moderated neutron detec-
tor. Spatial resolution of the order of

the:

: The technique locates and
"contirms identification of medium and
large secondaries, thus providing a capa-
bility for some reasonable design varia-

All the equipment, techniques, and conditions
described above have been successfully tested in labora-
tory and field experiments on a wide variety of U.S.
warheads and on operational U.S. strategic missile sys-
tems. Confirming calculations and extrapolations to
USSR designs as presently understood have also been
made. A study of possible countermeasures was carried
out concurrently with the sensor development, and the
trade-offs between intrusiveness and susceptibility to
evasion were evaluated. Given the conditions and equip-
ment as described, the conclusions derived from the
accelerated program are:

® The inspection techniques and the
prototype equipment are adequate for
all current U.S. strategic missile systems
and will provide detection of Soviet

~S$EERET UNCLASSIFIED

multiples with confidence if current
U.S. concepts of these are reliable.

e Evasion of the techniques in combina-
tion is difficult and not considered
practical for current U.S. systems. Be-
cause of the availability of larger throw
weights, evasion might be more possible
for Soviet designers but at a consider-

able cost.
e\ o
. Tothe = ™
extent that Soviet weapon technology is
currently understood, this information
would appear to be well known to them
already.
',-'.4
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In either case, the gamma transmission inspection is
not evaded.

® Relative counter efficiency equal to
unity for a viewing cone 12° in total
angular width.

c. Pgssive Neutron. Passive neutron observations
for plutonium-bearing warheads poses the same geomet-
rical problems as passive gamma; hence, the methods for
source location outlined above would be applicable in this
situation as well. The results of neutron scans should also
be similar to those of gamma scans but with reduced
resolution resulting from slightly poorer detector collima-

° Attenuatmg elements adjacent to active " uc:p, greater source- scatter, and poorer signal-to-noise
ratio

elements were zoned similarly to active L S E—
elements.

/ P e

® Attenuating elements closer to the
detector were zoned either similarly to
active elements or merely with appro-
priately increased thickness as dictated
by departure from normality to the
line-of-sight according to the more
appropriate geometry.

In addition to signal diminuation due to attenuating
‘elements '
. the attenuation of active ' -
_elements, both in warhead components

This would be reduction sutticient to markedly degrade
the neutron detector proposed but would not appreciably
_affect the gamma signal from the primary.

UNCLASSIFIS

i-‘--ﬂ—‘




R UN-C_JAS;;if Ada |~
d. Gamma-Ray Transmission. Techniques for evad- ' ;
ing the gamma-ray transmission inspection method in- -
volve primarily the use of shielding materials surrounding
the multiple RVs to degrade the signal-to-noise ratio.
Analyses and computations on the gamma-ray trans-
mission technique lead to the conlusion that it is
extremely difficult to accomplish evasion successfully and
confidently as long as the attenuation encountered does
not exceed system dynamic range over entire regions of
interest. (Critical to this statement is the assumption that
actions--either intentional or not--have not been imple-
mented that confuse the signal pattern from a single-RV
system.) For example, it was not possible to show that
the “clutter” produced by a multiplicity of reasonable,
unshielded RVs can be arranged to produce a system
response that looks like a single RV. However, deciding
just what is present, for several judiciously arranged RVs,
could be difficuit. It is recognized that just this situation
could be faced in the inspection of Soviet normally
designed and positioned multiple RVs.
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TABLE A-l

EVALUATION OF EVASION METHOD

Inspection Subsystem

Passive Passive Gamma Gamma
Evasion Method Gamma Neutron Transmission Neutron
S Poor Poor Poor Fair/Good
Good (D) Poor (D7) Poor (D) Poor
Good(D)  Good (D) Poor Poor
Good Good Poor Poor
Good Good Poor Poor
Fair/Good Poor Good (D) Poor

NOTES:

Poor

Fair
Good

D

Te iques for maintaining close spacing between RV components by physical location of RVs,
) etc., make the spatial resolution task more difficult for the inspection
system.

- The evasion method is not applicable against the inspection subsystem, or its effectiveness against

the subsystem is very low,

- The evazion method has some effectiveness against the inspection subsystem.
- The evasion method is effective against the inspection subsystem.

- The evazion method is detectable by the inspection subsystem.
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E. Intrusiveness
1. General

“Intrusiveness” in this report refers to that
technical information affecting the security of the host
nation obtainable by the detection system itself. For this
analysis, characteristics of nuclear weapons and possibly
RV designs are considered the information of prime
concern obtainable from application of the prototype
detection system.

In a bilateral situation, such as an agreement
between the U.S. and the USSR, certain information may

be classified yet not be intrusive. Currently the U.S.
classifies information for which the unauthorized disclo-
sure would affect the national defense. Accordingly,
information is classified and protected from all unauthor-
ized persons without regard for their nationality. Thus,
certain basic nuclear warhead design information is
classified even though the facts may be well known by the
USSR. Yet, for the USSR to learn such information in a
verification inspection may not be considered intrusive
because it should not affect our national security. The
same information, however, if revealed to a nation
without the capability to develop nuclear warheads, could
potentially affect our national defense and would be
intrusive.

Complete analysis of intrusiveness is very compli-
cated, requiring experts in foreign and domestic technol-
ogy, political science, and national defense. This analysis
is beyond the scope of this effort. Considered here are
those items of information that a detection technique or
combination of techniques may reveal. Whether or not .
the disclosure of these items would be intrusive is left to
others.

Exploring the capability of each detection compon-
ent to reveal potentially intrusive information is, indeed, a
most important consideration. The following paragraphs
address this question.

2. Current Technologies

There is little question that the application of the
inspection equipment to strategic warhead systems will
reveal significant information about them to the inspec-
tor. The types of information that potentially could be
learned can logically be separated into different categor-
ies:

Vulnerability and Hardening
® Primary Design

)

e Components

Table A-II displays the types of information poten-

tially obtainable, specifies the detection element involved,

and provides an assessment of the quality of the informa-
tion. From Table A-Il it can be seen that a great deal of
information can be obtained and that the gamma trans-
mission detector element can provide the most informa-
tion.;
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CATEGORIES OF POSSIBLE DISCOVERY
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TABLE A-II (cont.)
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3. Future Systems and Other Considerations

Even if one assumes that the inspection system
proposed will disclose fully the technology of the
inspected system, there are still questions attendant to
discussing the significance of this intrusiveness for future
systems. Some questions that come to mind are:

® Can one expect any changes in weapons
design in the future?

Are these important to our strategic
posture?

Would USSR adoption of these designs
be important to our strategic posture?

Based upon history and some directions of research now

under study, it appears that the answer to the first

question must be yes. It appears imprudent to assume
that progress will halt where it is at present. The hardness
and yield-to-weight of U.S. strategic weapons has far from
reached the limit of conceivable possibility so that there is
room for progress.. What is needed are ideas and work,
neither of which will halt but which might be spurred by
ratiocination on a foreign design process.

Two examples of future U.S. weapon design

changes which would be revealed by application_of the

inspection equipment relate to advanced |

- B .

o Y The existence of
such technology would have implications beyond the
strategic area. That is, such a breakthrough would have

application to the ABM problem and to tactical nuclear .

weapons.
The answers to the other two questions are not as

straightforward. Regarding the importance of changes to

our strategic posture, improvements in the basic param-

eters of warhead design may or may not be important to

the U.S., depending upon the strategy for the force

employment. | o

J

B0 b |

A

“are germane to this problem but are outside the scope of
this paper.

It is also difficult to discuss the implications of
what we would learn about the USSR technology. It
depends greatly upon how accurate our present

58
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knowledge is. !

In general, any estimate which now must B¢’

based upon intelligence could become more accurate.

Information gained would also be applicable to our

_warhead design programs,

3

|

o if designers were madé aware
of the data. Even confusing data could generate ideas for

new approaches..” 1

i

More definitive information could
either act as a strong force toward new thinking (if the
USSR designs were basically different) or be devoid of
such emphasis (if their approaches had already been

studied). The situation is sensitive to the USSR state of -

the art and the similarity of their design approaches to
ones that we have already pursued.

F. Conclusions

The prototype inspection equipment was selected
judiciously to balance effectiveness against intrusiveness.
Interpretation of data obtained with the inspection
equipment is an implicit process and is presumably more
difficult in proportion to the degree that USSR RV
designs differ from those of the U.S. Inspection equip-
ment could be devised that would be more effective and
correspondingly more intrusive, or vice versa.

Application of the four subelements now consid-
ered requires that sophisticated steps be taken to evade
the system if U.S.-type RV designs are assumed,

"7 Application of the inspection equipment to U.S.
strategic systems

- While specific information on vulrier-
“ability and hardness would be obtained only poorly from

application of the detection system, general levels could
be inferred, so that the matter should be weighed
carefully.
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