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INTRODUCTION

An isotope separator system called "TRISTAN" (5, 9) has been developed
to study short-lived activities produced at the Ames Laboratory Research
Reactor. As shown in Figure 1, TRISTAN currently consists of a fissionable
source located in a reactor beam tube, a transport line to the ion source,
the isotope separator, a collector box where the mass desired is selected,
and a switching magnet which directs the ion beam to one of five detection
stations where the ions are deposited. The radiocactive ions are then
studied by suitable detectors. The types of studies that can be made with
the system include half life determination, measurement of beta and gamma-
ray spectra, and measurement of delayed neutron emission from fission prod-
uct precursors. The system operates on-line with the reactor and can pro-
vide a continuous supply of single mass radioactive ions at the desired
detector station.

Since the radioactive nuclides produced are primary fission products
they are relatively far from the stability line and can give rise to long
decay chains. Thus, even though the isotope separator can continue to
supply radioactive ions to the detector station to compensate for decay,
the buildup of the daughter product activities soon creates an intolerable
background from an analysis standpoint. Thus a device is required at the
detection point that will provide a method of separating the activities of
the individual isobars of a particular decay chain.

One method for accomplishing an isobaric scparation is to place a
movable tape at the detector station and allow the isotope separator beam

to be deposited on the tape. A device called a moving tape collector has
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Figure 1., Layout of TRISTAN on-line isotope separator system



been designed and built for this purpose by the Mechanical Engineering Sec-
tion of the Ames Laboratory Reactor Division.

In the work which follows, the general problem of determining the
method of operation of such a device for obtaining optimum activity separa-
tion of each member of a decay chain is investigated. The characteristics
peculiar to the moving tape collector installed in the TRISTAN system are
presented. Tables are given which show the maximum activity separation
corresponding to the optimum method of operation of the moving tape collec-
tor for all fission product decay chains capable of being produced by the

source.



REVIEW OF LITERATURE

The problem of continuously separating the activities of isobars in
long decay chains was first encountered in the application of isotope
separators to the study of fission product activities. Prior to that de-
velopment it was not possible to produce such activities. Since the appli-
cation of on-line isotope separation techniques to the study of short-
lived activities is a relatively recent development, very little has been
published concerning the problem of isobaric activity separation at the
detector station.

Borg et al. (3), in reporting on experiences with a similar isotope
separator system, describe a moving tape collector which uses a closed
loop of tape driven at a constant speed. The device was successful in
separating the activities of two-member decay chains.

A group at Princeton University, Sidenius et al. (8), has designed a
moving tape collector of open loop design to separate the activities of
short-lived products from szsz spontaneous fission. The device has been
applied to the Xclqo and Xelaz decay chains (1).

Finally, Crancon and Moussa (4), working with a reactor on-line iso-
tope separator at the Commissariat a 1'Energie Atomique in France, have
reported on a time sequencing technique for accomplishing activity separa-
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tion of the Kr decay chain but do not report any results from the use of

moving tape collector separation techniques.



DESCRIPTION OF THE MOVING TAPE COLLECTOR

Introduction

The moving tape collector is a high vacuum box that contains a tape
transport system, penetrations for the ion beam input and vacuum pump
connection, mounts for detector placement, and shielding material. Figure
2 is a photograph of the tape collector with a side panel, some of the in-
ternal shielding, and the tape reel cover removed. Note that the tape
supply and take-up reels are the standard 7 inch diameter size.

Figure 3 shows vertical and horizontal cross section detail drawings
of the tape collector. Aluminum construction is used throughout unless
otherwise noted. The main body of the device is a hollow box 15.75 inches
by 14 inches by 6 inches. Four detector mounts, a beam input tube, a
vacuum connection, a tape reel support, a tape reel cover, and the tape
drive motor are attached to the outside of the box. The tape transport
mechanism, lead shielding, and detector collimators are mounted inside the

box.

The Tape Transport System

The tape transport system consists of a drive motor, the internal tape
transport mechanism including the supply and take-up reels, and the tape
itself. The drive motor used is a Slo-Syn, model S5550-1009, stepping
motor. The motor is operated by a drive unit that supplies appropriate
voltage pulses to the motor such that 200 pulses (or steps) are required to
rotate the motor shaft through one revolution. By counting the total num-
ber of input voltage steps to the motor the total angle of rotation of the

shaft can be calculated. Likewise, the input step rate determines the
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angular velocity of the motor shaft. A stepping motor provides a precise
method of shaft positioning and shaft speed adjustments so long as the
torque load to the shaft remains within the motor torque limitations.

The internal tape transport mechanism is supported by a Lexan plastic
mounting plate (for the purpose of electrical isolation to enable ion beam
current measurement) and consists of a nominal one-inch diameter capstan,
a spring loaded backing roller, and several additional guide rollers lo-
cated around the tape track to insure proper tape position and alignment.
The stepping motor drives the capstan via a vacuum rotary-motion feed-
through. The capstan surface is coated with a rubber base compound to re-
duce slippage and the spring loaded backing roller helps to insure good
contact between the tape and the capstan. The tape supply and take-up
reels are provided with mechanical slip clutches that are adjusted to main-
tain proper tape tension. The take-up reel drive is provided by an O-ring
belt connected to the capstan shaft. Thus, during operation the tape moves
from the supply reel, past the beam deposit point, around the periphery of
the box, over the capstan, and onto the take-up reel.

The tape used in the moving tape collector is a 0.25 inch, Kapton-base
tape with a metalized coating consisting of a cobalt and nickel alloy. The
tape (Pyrotrack, manufactured by Lash Laboratories, San Diego, California)
is designed for high temperature applications and it was selected because
the metalized conducting coating is useful for measuring the ion current
when the beam is being deposited on the tape. Also, the high temperature
properties reduce the possibility of the tape being distorted from local

heating by the ion beam at the point of deposit.



Detector Arrangement

The moving tape collector provides four detector positions. Each de-
tector position includes an external detector mounting port, an internal
lead collimator that provides a view of a small portion of the tape, and
additional internal shielding to minimize the detection of activity from
other portions of the tape. As shown in the upper half of Figure 3, there
arec two detector positions located at the centerline of the beam deposit
point; they are designated 1-A and 1-B. The lower half of Figure 3 shows
the locations of detectors 2 and 3, which can be used for simultaneous
analysis of long-lived activities.

At each detector location a 3 inch diameter hole is provided in the
tape collector box wall and the detector mounting port is attached with a
vacuum seal. The detector mount is a 3.5 inch inside diameter by 3 inch
deep receptacle with a 0.0625 inch thick end plate facing the lead colli-
mator. The distance from the detector mount end plate to the center line
of the tape is 3 inches at positions 1-A and 1-B and 2.25 inches at posi-
tions 2 and 3. Each detector mount can accomodate both NaI(Tl) and Ge(Li)
gamma-ray detectors. Position 1-B can be made to accommodate a beta-ray
detector (plastic scintillator or Si(Li) detector).

The collimators at position 1-A and 1-B consist of a machined, tapered
hole through the 1.75 inch thick lead shield placed between the detector
mount end plate and the tape. The collimator holes have the approximate
dimensions of 0.25 inches by 0.75 inches on the side facing the tape which
expands to a circle of one inch diameter on the side facing the detector.
The collimator holes at positions 2 and 3 have approximately the same

dimensions except that the lead shields are 1.375 inches thick,
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At the point of beam deposit (i.e., at the center line of detector
positions 1-A and 1-B) the tape is rotated 30° out of its plane of travel
to increase the source area presented to the detectors. An equivalent tape
width of 0.125 inches (as viewed by the detectors) is produced and the
direction of rotation is such that the activity observed at position 1-A
must pass through the tape while the detector at 1-B views the deposit
point directly. The centerlines of detectors 2 and 3 are perpendicular to

the plane of the tape.

Types of Operation

The moving tape collector can be operated either continuously or dis-
continuously. Continuous operation is used when it is desired to move the
tape at some required velocity and discontinuous operation is used when it
is desired to move the tape some required total distance.

Continuous operation is accomplished by supplying a constant pulse
rate to the motor drive unit causing the tape to move at a constant number
of steps per unit time. In the discontinuous mode the tape can be moved a
desired distance [rom some initial position by supplying a known total num-

ber of pulses to the motor drive unit.
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THEORETICAL DEVELOPMENT

The buildup and decay of the activity deposited on the tape of a mov-
ing tape collector is exactly analogous to the continuous buildup and decay
of activity in fission product decay chains.

An example is the following simple decay chain in which the production

term is limited to the first member.

R
\ A Az A3

N3

N4_2£ﬂ_._. . (1)

The total amount of any chain member at any time is given by the familiar

Bateman (2) equation which can be written in the following contemporary

form -
e N N
PTiTaY= R b Ay B (l>u o >\)£>\;) =
i=1 k#j
where
T = buildup time
T, = decay time

i
H-
I

decay constant for the i-th member of the chain

o
—
]

production rate of the first member of the chain
A more usecful form of Equation 2 gives the activity of any chain member at
any timec as

i N ATy
AT, T =NNUTT) =\ Az iR (I-e")e™

(3)
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In general, the buildup and decay of fission products in a fissionable
source is complicated by the addition of production terms all along the de-
cay chain. Wahl et al. (10) show that the nuclear charge distribution for
any mass number, A, is approximately Gaussian about the most probable

charge, Z . Thus the actual decay chain can be shown schematically as

oS S

s N4 (4)

The above decay scheme can be represented as the sum of the three partial

decay schemes shown below

N\
)q i >\2 | >\3 | >\4 o (5)

N, - N, Ny Nf —2
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i " (7)
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The solution for the total activity of any member of the general
scheme 4, is just the sum of that activity in each of the partial schemes,
5, 6, and 7. The solutions for the partial decay schemes are given by

Equation 3 above. The solution for scheme 5 is

l ->\1T) e'x] T4

(I) (I-e
i (T,74) = >\| >\2 - (8)

=1
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where the superscript indicates the activity due to the production term Pl'

For scheme 6 the solution is

(=gN N T

2)
Ai(T,“r(_j)=>\2A3" >\P2 (9)
| A TTOW=A))
et k#]
Similarly for scheme 7
__RT —XT
(3) |I—e i'd
Ai (Tﬂ&) :>\3 k4' : 'Ai P3 (-¢ le (10)
Ajn(kk“kj)
j=3 W
The total activity for any member of scheme 4 is then
L
(1) @) (3) B (m)
AT, Tg)= AlTT) + AT+ AT T+ = § A1) (1)
m=|
where L = number of production terms.
Substituting Equations 8, 9, and 10 into Equation 11 yields
i
AN AT,
(I-e™)e™d
(T7= AmAmer NP (12)
A1 +'d m/iim+| 1'm RITT(XK—AJ)
m=| j=m k#]
where
i = ith member of the decay chain
m = mth production term
L = number of production terms
i>m

Since the separation of activities is determined by the ratio of the
activity of the member of interest to the total activity present, the ex-

pression desired is
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N
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=l

where N is the total number of members in the decay chain and Ai(T,7') is
defined by Equation 12.

When a detector is used to observe the activity of a decay chain mem-
ber the measurement requires a finite period of time called the count time,
T.. Let D;(T,T4,7.) be the integrated activity over the count time, thus

T+
Di(T,74,7) = | A(T,T)dT (14)
T
Now substituting for Ai(T,7') from Equation 12 and performing the indicated

operation yields

L i
ATy ATy AT
(I=e™)(l-e"1¢)g"
[} T”T;T = )qn+ i ->4E% ( )
1( 1 'd c) I >\m | )&ﬂ;()\k_kj) 15
m= J=m

The ratio of the individual integrated activity to the total inte-
grated activity is a measure of the separation obtained during the measure-

ment period. Let Si(T’7A’7E) be the ratio defined by

N
ST, 7, T) = DUTT.T.) / ZDi(Tﬂa T (18]

i=l
Equations 12, 13, 15, and 16 describe the buildup, decay, and total
observable disintegrations on a moving tape subject to activity deposition
by a beam from a mass separator where T is taken to be the beam deposition

time, Ta the subsequent delay time, and 7; the total count time.
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ANALYTICAL SOLUTION AND OPTIMIZATION SCHEME

In this section the methods of solution of Equations 12, 13, 15, and

16 are presented. The optimization scheme is then outlined.

Method of Analytical Solution
A computer program called ISOBAR was written for the IBM-360-65 com-
puter. It calculates the value of Ai(T’Th)’ Ri(T;Td), Di(T=7&’TE)= and
Si(T,7:,T;) (as given by Equations 12, 13, 15, and 16 respectively) for
any selected value of T, 7&, or TE and for all i such that 1<i<N. The
program listing and flow chart for ISOBAR are given in Appendix A.

The buildup and decay scheme shown in Equation 4 is a schematic repre-

sentation of the following coupled differential equations.

Ny = B =N,
Ny= B + AN = AN,
. (17)
N3z = Ps + AN~ A3Ns
The Equations 17 can be rewritten as activity equations to yield
Ay =R = NA
Ay = Do B+ MoA — Ao A
2 AR+ A A~ A2A; -

Az= AsPs+ Az A3Az

Since the Equations 18 are well suited to analog computer solution, an
analog technique was used to check the operation of the ISOBAR program.

Appendix B shows the analog wiring diagram, magnitude scaled equations,
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and the agrcement obtained for a fictitious test decay chain. The analog
solutions shown in Appendix B verified the operation of the ISOBAR program
for total activity calculations.

The ISOBAR program is written in double precision and provides a
rapid and accurate calculation of the activity separation and integrated
activity ratio of all members of a given decay chain when provided with
the magnitudes of the production terms, the decay chain member half-lives,
and the values of T, 74, and 7;.

Included in the ISOBAR program is a subroutine called CALTAB. The
subroutine calculates and prints out a table of values of Ri(T’7h) and the
fractional saturated activity of Ai(T’7é) for (t%)i/lo <Ty < 10(t§)i and
(t%)i/lOOO < - lO(t%)i where (t_lz)i is the halflife in seconds of the i-th
member of the decay chain. The table provides a rapid visual method of de-

termining the approximate region where the maximum value of Ri(T,Ta) occurs.

Optimization Scheme

As noted above, if the count time is disregarded the optimum activity
separation for any member of a given decay chain is obtained when Ri(T,1a)
of Equation 13 is a maximum. The function Ry(T,Ty) is a surface above the
T-7& plane. The optimization scheme defines a procedure for finding the T
and T, that yiclds the highest point on the surface.

An iterative technique using a steepest ascent method was indicated
and the formulation by McElhone (7) was employed. Using an initial esti-
mate for T and Ty obtained from the ISOBAR program, a point on the surface

is calculated. From that point a unit vector is generated that points in

the direction of steepest ascent along the surface. An arbitrarily
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specified step size is then impressed on the unit vector and new values of
T and 7& obtained. A new Ri(T’Th) is calculated and compared to the previ-
ous value. If the new ratio is greater the values of T and T, are stored
and a new unit vector is calculated. If the new ratio is smaller then the
step size is decreased and other trial values of T and Ty are calculated.
The process continues until no further improvement in Ri(T’7a) is obtained.
Then the maximum value of Ri(T,Ta) and the corresponding values of T and T
are printed out and the procedure is repeated for the next member of the
decay chain. Examination of the output of CALTAB indicates the existance
of only a single maximum.

A program called ISOMAX was written for the IBM-360-65 that performs
the optimization iterative procedure. The program listing for ISOMAX is

given in Appendix C.
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DISCUSSION OF EXPERIMENTAL RESULTS

Introduction

When the moving tape collector is operated in the continuous mode the
optimization times T and T4 calculated by ISOMAX and the counting times
7é can be related to the tape collector operational parameters by appropri-
ate equations. The results of the measured tape collector parameters and
the equations relating them to the optimization times are presented in
this section.

When the tape collector is operated in the discontinuous mode the pri-
mary concern is that the tape is transported over the required distance
without slippage or missed steps. Appropriate measurements were made to
verify the positioning accuracy of the device.

The maximum attainable activity separation at each detector station
is also determined by the internal shielding arrangement. Cross detection
is defined as the detection of tape activity when the active portion of the
tape is located at some position other than in front of the lead collimator
aperture of the detector in use. The cross detection properties are a
direct measure of the internal shielding effectiveness.

The results of the measurements of the mechanical properties and per-
formance and the cross detection characteristics of the moving tape

collector are presented in this section.

Moving Tapc Collector Parameters

Definition of parameters

If the tape collector parameters are defined as follows:

D = Capstan diameter (inches)
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Motor constant (200 steps/revolution)
Proportionality constant (steps/inch)

Ion beam height (inches)

Distance from centerline of detector 1 to 2 (inches)
Distance from centerline of detector 1 to 3 (inches)
Lead collimator aperture at detector 1 (inches)

Lead collimator aperture at detector 2 (inches)

Lead collimator aperture at detector 3 (inches)

= Effective lead collimator aperture at detector i (inches)

and the variables of interest are defined by

F
)
T
T

(T4

(Tedi

Motor drive input pulse rate (steps/second)
Tape speed (inches/:econd)

Collection time at beam deposit point
Delay during counting period at detector 1

Delay time from end of beam deposit to start of detection
period (seconds); i =2, 3

Counting time at detector (seconds); i = 1, 2, 3

Then the following relationships hold

F1r D

- (19)
e_ (20)
a,—-h 3
2V (21)
c— | .
2 G(hm') . i=2,3 (22)
(i )ets i=1,2,3 (23)
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Aperture control device

Figure 4 shows an enlarged view of the tape path in the vicinity of
detector position 2. The device shown provides a method of increasing the
effective aperture of the lead collimator at detector 2 by doubling the
tape back a maximum of four times requiring the deposited activity on the
tape to make a total of five passes past the collimator. The aperture con-
trol device can also be threaded for three passes or a single pass past

the collimator opening. Thus, the effective aperture is defined as

(Badepr = CxOz 5 k= (,3,5 (24)

where the k subscript indicates the number of passes. Note that C1 = 1 and

the value of (az) for k = 3 and 5 are given in the next section. Since

eff
no provision for aperture control is provided at detectors 1 and 3,(a1)eff=

a; and (a3)eff = aj.

Measurements and results

Figurc 5 shows the experimental arrangement used to measure the tape
collector constants. The signal to the motor drive unit (Slo-Syn Transla-
tor) was fed from a square wave oscillator through a relay. The relay was
controlled by the timer-scaler unit such that when the timer was in opera-
tion the relay closed. The signal from the oscillator was simultancously
fed to the scaler portion of the timer-scaler unit which recorded the total
number of pulses sent to the motor drive unit. The control for the motor,
timer, and scaler was provided by the timer.

The tape was marked and aligned at some initial position; for example,

with the mark at the centerline of detector position 1. The tape was then
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moved through the desired distance by operating the timer in the manual
mode. Thus the required number of input pulses to exactly position the
tape mark at some selected final position (i.e., the centerline of detector
position 2) was recorded on the scaler.

The total number of steps (input pulses) supplied to the motor can be
directly converted to distance in inches if the motor constant, C = 200
steps/revolution, and the actual diameter of the capstan, D, are known.
Several capstan diameter measurements were made and a value of D = 1.013 +
0.001 inches was obtained. Thus, the proportionality constant relating
number of steps to distance is K = 62.85 + 0.06 steps/inch. Actually,
when using the tape collector, it is more convenient to express distances
in steps rather than inches since the number of steps can be observed
directly. For this recason, the tape collector constants were measured
(using the procedure described above) and all distances were expressed in
steps. Table 1 gives a list of the measured tape collector constants for

each of the three aperture control configurations.

Table 1. Measured moving tape collector constants for three configura-
tions of the aperture control at detector position 2

Number of passes

at detector posi- — - (ay)
Lmre 3 D, D3 aj=as=a, 27eff
1 517 1281 47 47
3 517 1427 47 204

5 517 1583 47 336
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Finally, the ion beam height, h, is taken to be a nominal 0.75 inches.

The height of the beam actually varies somewhat with the focus of the ion
beam and is dependent upon day-to-day operation of the separator. This is
probably the most uncertain parameter in the system, and it is not possible

to satisfactorily determine a probable variation which would be realistic.

Tape collector equations

Using the measured parameters from above, with the aperture control
device set to the maximum effective opening, Equations 19 through 24 were
expressed as a function of motor input frequency, F, and are presented in

Table 2.

Table 2. Tape collector equations for detector 2 aperture control set to
the maximum effective opening (five pass arrangement)

Variable Functional Relationship Units

\Y (0.0159) F inches/second

T (47.13)/F seconds
(75)1 0 seconds
(’E)Q (470)/F seconds
(“G)3 (1536)/F seconds
(72)1 (47)/F seconds
(T.), (336)/F seconds
(7;)3 (47)/F seconds

The variables, (7&)3, and (7;)2 are the only ones directly affected
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by the aperture control device setting. Table 3 gives the equation for
each variable as a function of F for each of the three possible aperture

settings.

Table 3. (7:_1)3 and (7&)2 relationships for the three possible aperture
control settings

Number of passes

at detector posi- Equation for (7&)3 Equation for (7;)2
tion 2
1 (1234)/F (47)/F
3 (1380)/F (204)/F
5 (1536)/F (336)/F

The relationships presented in Tables 2 and 3 thus can be used to
calculate the motor speed, F, nccessary to duplicate the times T,‘Td, and
7; provided by the optimization program results for the particular tape

collector configuration desired.

Mechanical Performance
The measurements of the mechanical performance were accomplished in
three phases. First, the torque requirements of the moving tape collector
were measured and compared with the observed motor torque. Second, the
tape was operated discontinuously and moved over measured distances to de-
termine the positioning accuracy for various transport times. Finally, the
tape was operated continuously at various speeds and the measured tape

speed was observed and compared with the predicted speed.
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Torque measurements

The torque required to move the tape transport mechanism was measured
by removing the motor coupling and attaching a lever to the rotary-motion
vacuum feed-through shaft. A previously calibrated torque wrench was
attached to the shaft and the torque necessary to move the tape for each
of the three effective apertures at position 2 was measured. The five-
pass arrangement required the largest torque which was observed to be 12.2
ounce-inches.

Next, the torque required to stall the motor was measured and found
to be 53.2 ounce-inches or 41 ounce-inches in excess of the maximum load
requirements. Thus the load imposed by the tape transport mechanism is
well below the motor performance capabilities and it was observed that the
angular velocity of the capstan was directly proportional to the motor
drive input pulse frequency over the range from ~— 1 to 200 steps per

second which includes the required range of speeds.

Discontinuous operation

The experimental setup shown in Figure 5 was again employed to deter-
mine the positioning accuracy of the tape transport system. In order to
determine whether the positioning accuracy was dependent on motor input
frequency, the tape was transported over previously measured distances at
various speceds. For these measurcments the desired number of steps corre-
sponding to the measured length was preset on the scaler unit, the tape
mark was positioned at the initial point, a tape speed was selected by
adjusting the pulse rate to the desired value, and the timer was started.

After the tape stopped automatically when the preselected number of steps
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was reached, the tape mark was observed for deviation from the desired
final position by comparing its position with a similar mark on the main
body of the tape collector.

Measurements were made at transport speeds over the range from —~1
step per second to ~ 100 steps per second for three different distances;
from detector 1-B centerline to detector 2 centerline (Dz), from detector
1-B centerline to detector 3 centerline (D3), and from detector 2 center-
line to detector 3 centerline (D3-D2). The total time and number of steps
were recorded for each measurement.

The largest error observed was an error of 1/64 inch over a distance
of 8.226 inches or a percent error of 0.19%. The error was observed to be
not frequency dependent. The mean error for all measurements was +0.04%.
Thus the observed positioning error was for all practical purposes

negligible.

Continuous operation

The previously described experimental arrangement was used to measure
the tape speed under conditions of continuous operation except that the re-
lay was removed. The drive unit was thus able to run continuously and was
not controlled by the timer.

The tape speed was measured by determining the time required for the
tape to traverse a known distance. The measurement technique required
manual operation of the timer as an appropriately placed mark on the tape
passed over the measured distance.

Tape speeds were measured over the range from —1 step per second to

~300 steps per second for cach of the three aperture control
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configurations at detector position 2. The largest observed error (rela-

tive to the calculated theoretical speed) was 1.30% and the mean error

was 0.44% with a standard deviation of +0.61%. Thus, the average observed
speed was 0.44% greater than the theoretical speed. It is likely that the
above results were biased by the manual timer operation required for this
measurement since from the previous discontinuous measurements there was

no evidence for errors of the magnitude obtained here.

Cross Detection Characteristics

The cross detection characteristics were measured by mounting a gamma-
ray source on the collector tape and recording the activity measured by a
NaI(Tl) detector located in a detector station as the tape was driven
through a cycle.

Since the metalized coating on the tape is composed of a cobalt and
nickel alloy, a small piece was irradiated in the reactor and used as a
convenient source. The irradiated tape was set aside until only the 6060
activity remained and then it was simply spliced into a continuous loop of
tape mounted in the tape collector. The source size was chosen to approxi-
mate the area of activity deposited by a well focused ion beam.

The NaI(Tl) detector was mounted at a detector station and shielded
from room background by 4 inches of lead bricks stacked exterior to the
tape collector. All interior lead shielding was installed and the tape
collector was placed in normal operating condition. The output from the
NaI(Tl) detector was amplified and fed into a Nuclear Data 128 channel
pulse~-height analyzer, used in a multiscaling mode. The amplifier dis-

60

criminator was adjusted to cut off the Co spectrum just below the 1.33
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MeV peak.

For a typical measurement the source was positioned at the centerline
of detector station 1-B to simulate the deposit of activity by the isotope
separator and the NaI(Tl) crystal was placed in the detector station to be
tested. The analyzer dwell time was set to 1 second per channel. The tape
speed was set to make one complete circuit in 128 seconds. The analyzer
and tape transport system were then started simultaneously and stopped at
the completion of one cycle. The analyzer output provided a display of
the observed activity at the detector location as a function of source
position in the tape collector.

The initial cross detection measurements at detector stations 1-B and
2 demonstrated that the internal shielding was not adequate in the areas
between detectors. Measurements were discontinued and additional lead
shielding was fabricated and installed wherever possible.

A complete set of measurements was made after the modified shielding
was installed and the results appear in Figure 6. The graph shows the
cross detection characteristics for each detector station. From the graph
it is observed that the cross detection between detector station center-
lines is a maximum of about 2%.

It is important to note that these measurements were made with an es-
sentially constant activity source whereas in actual operation rapidly de-
caying, short-lived sources are deposited on the tape and the cross
detection obtained is a function of whether the source is up stream or
down stream from the detector in question. For example, if a detector is
located at position 1-B, the tape is operated in the continuous mode, and

the ion beam is continuously deposited, the cross detection from tape



30

Vil oy S s ey e T . I L

| DETECTOR AT I-B
2 DETECTOR AT 2
3 DETECTOR AT 3

OBSERVED ACTIVITY (COUNTS PER SEC)

CENTER LINE CENTER LINE
QF oF
DETECTOR2 DETECTOR 3
s1 1583
0Ol 1 1 bl by

0O 2 4 6 B 10 12 14 16 18 20
DISTANCE FROM DETECTOR |-B CENTERLINE (STEPS XIOZJ

Figure 6. Cross detection characteristics for detectors 1-B, 2, and 3



3l

deposited activity located at the centerline of detector 2 will be less
than the maximum 2% value due to the decay of activity during transit. A
completely different situation exists when a detecter !s located at posi-
tion 2 and consideration is given to the cross detectica from activity be-
ing continuously deposited at detector position 1. It is quite possible
that the total activity deposited at detector 1 is a factor of 100 greater
than the total activity observed at detector 2 due again to the activity
decay in transit. Thus, in this case, even though the cross detection
factor from detector 1 is observed from Figure 6 to be ~ 0.5%, fully half
the total activity observed at detector 2 would consist of cross detection
from the beam deposit point. The results of Figure 6 should thus be used
with caution when evaluating the cross detection properties of down stream
detectors.

When the tape collector is operated in a discontinuous mode (i.e., the
activity is collected for a period of time, T, allowed to decay for a time,
Ty observed for a time, T.» and then the active portion of the tape is
moved away to prepare for another cycle) it is possible to take advantage
of the particularly well shielded areas of the tape collector. The best
shielding occurs at the valleys of the curves on Figure 6. Thus, when de-
tector position 1 is used for activity observation in the discontinuous
mode the active portion of the tape should be moved a total of 1050 steps
after the detection period. At that position cross detection at detector
I will be less than ~0.1%.

Finally, it should be noted that the cross detection measurements for
detector position 2 were performed for the maximum effective aperture.

The drop in count rate across the aperture is a geometry effect caused by



32

the tape moving further away from the detector with each successive pass.

(Figure 4 shows the mechanism involved.)
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DISCUSSION OF ANALYTICAL RESULTS

The results of the preceeding section demonstrated that the moving
tape collector was capable of translating the times required by the opti-
mization procedure into tape speed with little appreciable error. Also,
the internal shielding was shown to be adequate to insure that no more
than 2% cross detection is present in most cases.

This section presents a discussion of the ion beam characteristics
that affect the activity deposition at the moving tape collector, the re-

sults of the optimization program, and some observed results.

Ion Beam Characteristics

The present source installed in the TRISTAN system is designed to re-
lease gaseous fission products. Thus, only Br, Kr, I, and Xe are released
to any appreciable extent by the source. Furthermore, the transport line
from the fission source and the isotope separator ion source tend to trap
out the chemically active gasses Br and I so that only the noble gasses Kr
and Xe are present to any measurable extent in the ion beam from the
separator. This feature of the TRISTAN system assures that the parent
activity deposited at the moving tape collector will be either a Kr or Xe
isotope.

Another property of the ion beam that effects the input parameters to
the optimization program is called the cross contamination effect. When
an isotope separator beam is focused on a particular mass number the beam
exhibits a certain amount of dispersion. If the dispersion is large then
an appreciable percentage of the mass number selected will appear at the

position of the next higher or lower mass number. Cross contamination is
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thus a measure of the amount of activity of mass, A, appearing in the mass
A+ 1 position when the isotope separator beam is focused on mass A.

The cross contamination of the TRISTAN beam was measured in the fol-
lowing manner. The isotope separator was focused on singly ionized mass
85 and the fission source was used to produce the 4.5 hour Kr85m isotope.
For this measurement the normal 0.09375 inch beam defining slit was re-
moved and a row of heavy duty office staples was mounted at the focal sur-
face of the ion beam in the collector box (see Figure 1) so that the radio-

active Kr85m

was deposited directly on the staples. After sufficient
activity had been deposited the staples were removed from the collector
box, separated, and counted in pairs with a Ge(Li) detector to count the
150 keV gamma ray in the decay of Kr85m_ The results are shown in Figure
7. This curve is also representative of cross contamination at other mass
numbers. The peak shown at the next higher mass number is caused by hy-
dride formation with mass 85 and the dotted line indicates the expected
level after the hydride problem has been eliminated. Also shown about the
peak is the width of the normal beam defining slit located in the collector
box. From the curve it is observed that under normal conditions the cross
contamination will be less than a factor of 5 x 1072 and thus it is reason-
able to neglect the presence of other mass numbers in the beam.

It should be noted, however, that cross contamination from the next
lower mass number will in general be more significant than that of the
next higher mass when using a fission source to produce radioactive nuclides.
The reason for this effect is that as the mass number of a particular iso-

tope increases the fission yield decreases. Thus, as the isotopes move

away from the stability line, the fission yield for a particular mass
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number, A, according to Wahl, et al. (10), can be as much as a factor of
10 less than mass A-1 thereby increasing the cross contamination from the
lower mass to about 5 x 10-4. Furthermore, decay differences of adjacent
short-lived mass numbers while in transit to the ion source can enhance
the lower mass number activity by a factor of up to 100 depending on half-
life differences. As these effects may be significant in some experiments,
due consideration should be given to the relative fission yields and half-
lives of adjacent mass numbers to estimate the magnitude of cross contami-
nation.

In summary, the present TRISTAN system produces an ion beam that
closely approximates the simple buildup and decay scheme in which P; is

the only non zero production term.

General Results of Optimization Procedure

The ISOBAR and ISOMAX programs were run to determine the maximum
attainable activity separation for each member of the decay chains capable
of being produced by the TRISTAN source. The ISOBAR program was run first
to provide the initial estimates for the optimization procedure in the
ISOMAX program.

It should be noted that the optimization procedure was not applied to
the first and last members of a decay chain since these represent trivial
cases. Thus, for the first member of a decay chain the activity ratio is
a maximum when the beam of parent atoms is initially deposited and becomes
continually smaller as the daughter products build up. Hence, to maximize
the activity separation of the first member the tape should be run con-

tinuously and as rapidly as acceptable counting statistics will allow.
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The activity separation of the first member of each decay chain is calcu-
lated for various tape speeds and printed out by program ISOMAX.

The last member of a decay chain can obviously be separated by simply
waiting until all other parent activities have decayed to negligible
levels. An exception to this rule occurs when the last member of the de-
cay chain has a shorter half-life than its parent. Then it must be studied
in equilibrium with the parent activity.

For decay chains with three or more members the activity ratio of the
middle members exhibits a unique maximum for some collection time, T, and
delay time, 7&. Table 4 presents the results of the optimization pro-
cedure, Included in the table are the isotope half-life from Lederer et
al. (6), the optimization times T and 7&, the activity separation ratio,
and the fraction of saturated activity. The first member of the decay
chain is also listed and the motor speed required to produce a 0.95 or
better separation factor is given. If the 0.95 factor is not attainable
the speed for the next best separation factor is given.

From a practical standpoint the data presented in Table 4 have a
serious limitation since, as a general rule, the maximum of the activity
ratio occurs in a low saturated activity region. Thus, the saturated
activity is often in the 0.0l to 0.05 ramge when the activity ratio is
maximized. The results thus have limited value in determining the optimum
collect and delay times for practical problems.

A more satisfactory approach makes use of program ISOBAR and particu-
larly the output of subroutine CALTAB. Recall that the 10 by 20 output
array contains values of activity ratio and fractional saturated activi-

ties. With a simple visual inspection of the output, the best possible
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Table 4, Results of optimization program ISOMAX for Kr ? to Kr95 and X913 to Xe143
Decay Decay Half-1life Collect time Delay time Motor Maximum Fraction of
chain chain (seconds) (seconds) (seconds) speed activity saturated
identi- member (steps/sec) ratio activity
fication
kr2? k8 192 1.47 0.9880 0.1091
Rb® 924 378 2964 0.9980 0.0337
Kr20 kr?0 33 . 2.08 0.9550 0.3782
20 174 309 978 1.0000 0.0177
sr?20  8.861 x 108 8.8 x 107 8.8 x 107 0.5000 0.0621
Keol k2! 10 5.9 0.9607 0.4256
2l 72 29.13 132.9 0.9937 0.0790
sr?l  3.481 x 10 3.48x 100 1x103 0.9985 0.0659
Kr22 ke92  1.86 47.1 0.9377 0.3111
RbP%2 5.3 5.3 29.8 0.9762 0.0156
sr?2  9.756 x 103 497 123 0.9807 0.0344
kr?3 Ke2d 2 57,1 0.9409 0.2929
R 5.6 0.61 17.7 0.9162 0.0124
sr93 480 48 85 0.9974 0.0602
K94 ke 1.4 66.7 0.9220 0.2953
R4 2.9 0.83 8.53 0.7950 0.0407
sr9% 78 6.88 38.4 0.9736 0.0446
Kr?3 kr?® 0.1 66.7 0.8728 0.9926
Rb?° 2.5 0.1 1.41 0.9770 0.1996
sr?0 48 4.01 29.2 0.9611 0.0390
Yy 95 654 368 1.16 x 10° 0.9997 0.1023

8¢



Table 4. (continued)
Decay Decay Half-life Collect time Delay time Motor Maximum Fraction of
chain chain (seconds) (seconds) (seconds) speed activity saturated
identi- member (steps/sec) ratio activity
fication
xel3? xel39 43 1.04 0.9706 0.5178
cs!39 570 247 341 0.9168 0.1850
xel40 Xels0 16 4.17 0.9419 0.3874
csl*0 66 3.71 371 0.9978 0.0010
Bal40 1,106 x 106 2 x 10° 600 0.7220 0.1177
xel41 Xelél 2 16.7 0.9560 0.6247
cst4l 24 2.4 24 0.9769 0.0365
Bal4l  1.08 x 103 19.2 342 0.9810 0.0101
Lal4l 1,404 x 104  4.44 x 103 1.4 x 104 0.9937 0.1070
Xel42 1.5 66.7 0.9053 0.2787
csléZ 2.3 1.194 11.85 0.8776 0.0211
Bal42 660 6.48 45.23 0.9941 0.0065
xel43 1 66.7 0.8900 0.3874
csl43 2 1.99 3.72 0.6412 0.2177
Bal®3 12 3.07 22.92 0.9630 0.0565
Lal*3  s40 154 203.8 0.9982 0.1028
cel43 1,188 x 10°  6.68 x 103 1.19 x 104 0.9900 0.0359

6€
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activity separation for some minimum acceptable fraction of saturated ac-
tivity can be found. The next section shows how this technique was applied

92

to the Kr chain.

Actual Optimization Parameters for the Kr92 Chain

92

Since the half-lives of Kr and Rb92 are fairly close together rela-

92, the main problem was the activity separa-

tive to the longer lived Sr
tion of the first two members of the decay chain. Both continuous and dis-
continuous tape collector operation were investigated and compared to
determine the best method of separation.

Clearly, continuous operation must be used to efficiently separate
Kr92 at detector position 1. A calculation was made assuming that a detec-
tor was also located at position 2 to determine if a simultaneous separa-
tion of Rb92 would be possible. The calculation was made for various
continuous tape speeds and the plotted results appear on Figure 8. From
the curve it is observed that at a motor speed of 25 steps per second a
simultaneous separation of about 0.90 should be obtained for Kr92 at
detector 1 and Rb92 at detector 2. A careful consideration of the activi-
ty levels involved and the internal shielding arrangement indicates that
such a scheme is not practical. At the 25 steps/second speed, the Kr92
activity is ~ 207 saturated and Rb?2 activity at detector 2 is only ~
0.2% saturated. Thus, the total activity at detector 1 is approximately a
factor of 100 times the total activity at detector 2. Since the cross
detection at detector 2 is about 0.5%, then it is likely that half of the

activity detected at detector 2 will be cross detection from the activity

deposited at detector 1. On this basis, simultaneous activity separation
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at two different detectors was rejected for mass 92.

Next, program ISOBAR was used to determine the optimum times for sep-
arating Rb92 with a discontinuous tape operation. From the CALTAB output
it was found that for T = 30 seconds, Ty =9 seconds, and 7, = 9 seconds a
separation of 0.9540 with a 0.3104 saturation factor was predicted. An
experiment is currently in progress using these optimized times, with
acceptable separation and count rate.

The results of an earlier experiment on mass 92 is shown in Figure 9.
The upper half of the figure shows a gamma-ray spectrum that contains com-
ponents of the decays of both Kr22 and Rbgz. Particularly prominent is
the 150 keV peak from Kr2? decay. The lower half shows the effect of dis-
continuous tape operation in which a delay time of 11 seconds has been em-
ployed after the collection period. Note that all gamma-ray peaks from
the decay of Kr92 have disappeared except for the 150 keV peak and it is
greatly diminished. Equally important is the fact that the peaks from the
decay of RbZ are noticeably enhanced.

Finally, it is noted from the output of CALTAB that the value of
Ri(T,7a) in the region near its maximum is in general rather broad and
flat and the maximum value is not very sensitive to small changes in T and
Tq+ Thus, a measure of freedom is allowable in the choice of the actual

collection and delay times.
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CONCLUSIONS

The moving tape collector installed in the TRISTAN system has been
demonstrated to be capable of separating the activity of decay chain mem-
bers by both continuous and discontinuous operation. Figure 10, for exam-
ple, shows some typical results for the mass 91 decay chain. The upper
curve corresponds to a continuous tape operation mode for the separation of
the first member of a decay chain and it is essentially a pure Kr spec-
trum with a small Rb91 peak at ~500 keV. The middle curve corresponds to
a discontinuous tape operation for the separation of a second member and
the spectrum is observed to be a relatively pure Rb91 spectrum with a
small Srgl peak at ~325 keV. The lower curve shows the equilibrium
activity of the chain for comparison purposes.

The tape transport characteristics were found to be excellent. The
cross detection properties were found to be adequate for most applications
except for the problem of downstream cross detection mentioned previously.

The overall cross detection properties could be improved somewhat by
replacing the present lead shielding with a higher atomic number material
such as tungsten or canned depleted uranium. A redesigned device should
provide for a minimum of 4 inches of lead or its equivalent between every
part of the tape and all areas of the detectors. Also, consideration
should be given to eliminating detector position 3 and designing detector
position 2 so that the distance between it and the beam deposit point could
be varied. This arrangement, coupled with a well shielded beam deposit
point, might make it feasible to separate two decay chain member activi-

ties simultaneously as noted before. Finally, for the discontinuous type
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measurements, a position should be supplied (preferably as close as possi-
ble to the deposit point to conserve tape) that gives a gamma attenuation
of from 10° to 106 for storing the radioactive portion of the tape after a
measurement cycle.

The analytical technique employed provides a general solution for the
buildup and decay of multiple production term decay chains. The applica-
tion of program ISOBAR to the solution of single production decay chains
coupled with the subroutine CALTAB provided a convenient, visual method of
selecting the optimum activity separation and appropriate saturated activi-
ty fraction to yield an adequate count rate of the activity desired. The
less preferred ISOMAX program optimized only the activity ratio and thus
could not provide assurance of an adequate count rate.

Finally, the application of this work to the solution of the more com-
plicated multiproduction term decay chains will be useful in future work

in which the halogen fission products will be extracted in conjunction

with the noble gasses.
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APPENDIX A

Program ISOBAR Description and Flow Chart
This section presents the description, flow chart, and program list-
ing for the ISOBAR main program and subroutines.
The flow chart for the ISOBAR main program is given in Figure 11.

The input and output parameters are defined as follows:

MEMI - Alphameric name of first member of decay chain
L - Number of production terms
N - Number of members in the decay chain

MEMBR - Alphameric array of decay chain member names
THALF - Array of decay chain member half-lives

P - Array of production term values

I - Collect or buildup time

TAUD =~ Delay or decay time

TAUC =~ Count time

A - Array of calculated activities

D - Array of calculated integrated activities

PCT - Array of calculated percent saturation values
RNEW - Array of calculated activity ratios

SNEW = Array of calculated integrated activity ratios
As indicated on the flow chart the main program reads and stores the input
data, calculates the value of the activity and activity ratio of all mem-
bers of a decay chain for each value of T, TAUD, and TAUC read in, and
prints out the data in a suitable format.

The main program calls three subroutines RATIO, DATIO, and CALTAB.
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Subroutine RATIO calculates the value of Ai(T’7h) as given by Equation 12
for each decay chain member using the current values of T and Ty supplied
by the main program. RATIO calls two additional subroutines, PRDCT and
SUMMIN. PRDCT calculates the denominator of Equation 12 and SUMMIN calcu-
lates the series of multiplied decay constants and production terms preced-
ing the second summation of Equation 12. Figure 12 gives the flow chart
for subroutines RATIO, PRDCT, and SUMMTN.

Subroutine DATIO calculates the value of Di(T,7h,7E) as given by Equa-
tion 15 for each decay chain member using the main program supplied values
of T, 7&, and Té. The subroutine is very similar to RATIO and the flow
chart is not included.

Subroutine CALTAB shown in Figure 13 calculates a matrix of values of
Ai(T’7h) and saturated activity fraction and prints out the results in a
suitable format. The calculations cover the range THALF(I)/1000 < T < 10
THALF(I) and THALF(I)/10 < TAUD < 10 THALF(I). The print out is a 10 by
20 array with the variable, T, assigned 20 values and the variable, TAUD,
assigned 10 values.

The program listing of ISOBAR and its called subroutines appears on

pages 54 through 60.
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Subroutine Subroutine
RATIO (A,SA) PRDCT(M,I)
f i

Common and Dimension Common and Dimension
Statements Statements

i fa———————
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b P
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i o
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e .
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PRDCT (M,1) T (A - Aj)
k#]
R
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I Continue
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Figure 12. Flow chart for subroutines RATIO, PRDCT, SUMMIN
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Figure 13. Flow chart for subroutine CALTAB
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~~ISOBAR=—= A PRUGRAM FOR CALCULATING ACTIVITY SEPARATION
IN DECAY CHAINS

COMMON RAT(12) 2 TEE(LD)9FRAC(LC) 3DECAY(8B),THALF(8),4P(3),
LPI()ySUM(B) 3 TERM(B) 3 TERM2(8) ¢ MEMER(3) 9 ToTAUD, TAUCNyL,
11T

DOUBLE PRECISION DECAYsTHALF4P4PI4SUM,TERM,TERM2,T,TAUD,
1TAUC yMEMBR,PCT(R) 5 A(B) 9 N(8) yMEML,RNEW(B) y SNEW(8) »SA,5D,
IDEXP yDABRS,PSUM,RAT,TEE,PRODyFRAC

13 READ(1410001)IMEMLL,N

1C0C1 FORMAT(AR,21I3)

IF{L)I11S+115+116

116 REA(1,1071) (MEMBR{J),J=14N)

1CT1 FOCRMAT(8AZ)

REAN(L9100C02)(THALF(I)91I=14N)
REAR(L1410CC2)(P(I)yI=1yL)

0C2 FORMAT(4D20.12)

WRITE(3,1002)MEM]L,L

1202 FORMAT(al CHAIN 2,ABy2d WITH dell,

12 PRCDUCTION TERMI(S)a,/)
WRITE(3,104)
104 FORMATI(2 PRODUCTION TERM PRODUCTION CONSTa,
17)
00 125 I=1.L
185 WRITE(34106)1,P(1)
1C6 FORMATI{12X311,15X,D20.12)
0 1CC I=14N
CO DECAY(I)=Ce69315/THALF(1)
4 PEAD(1,107)T,TAUD,TAUC
7 FORMAT(3D2D.12)
IF(T)108,108,109
109 WRITF(34110)T,TAUD,TAUC
1190 FORMAT(E 299X @COLLECT TIME(T)=3,016.893y DELAY TIMEd,

LZ{TAUC)=234N]16E8s 9 COUNT T[f‘\r(TﬁUC)_—‘angf‘-ar/'
WRITE(3,111)
111 FORMAT(1UX,aMEMBER NAME HALFLIFE(SEC) ACTay
LATIVITY(R/S) PERCEMT SAT. ACTRATIOX 28Xy @INTewy

1:RATIC@y/)
112 FORMAT(13X,1145X9A8,3X,5016.38)
PSUM=C DO
CALL RATIC(A,SA)
CALL DATIQ(D,SD)
NO 113 I=1,NK
IF(L"I)Z 1,2;,,2(_‘-"
2C0C PSUM=PSUN+P(T)
201 RNEAN{(I)=A(I)/SA
SNEW(I)=ulI)/SD
PCTII)=ALT)*102.0C/PSUM
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113 WRITE(353112)I4MEMBR(I) 3 THALF(I)yA(TI)sPCT{I)oRNEW(I),
LSNEW(I)
GO TC 114
1C8 CALL CALTAB
GO TG 13
115 STOP
END
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SUBRCUTINE RATIC (A454)

COMMON RAT(12)9TEE(LIO)FRAC(LO),DECAY(8B),THALF(8),P(£),
IPI(8) s SUM{B) y TERM(B) 3 TERMZ(8) yMEMBR(E) 3 ToTAUD 3 TAUCsNyL s
11

DOURLE PRFCISION DECAY,THALF,P,PI,SUMsTERM,TERM2,T,TAUD,
LTAUC yMEMBR4PCT(8) yA(B),D(8) yMEML,RNEW(B)ySNEW(B)9SA,5D,
LUEXP yCABS,PSUM,RAT,TEE,PROD4FRAC

SA =C.D0

D0 4CC I=14N

A(I)=Cl.CC

LL=MINC(I,L)

DO 3CC M=1,LL

CALL PRDCT (M,1)

SuM(v)=C.00

D0 268 Jd=M,1

IF(DARS(DECAY(J)#T)~-174.D0)50C,60CC,60C

IF(CABS(DECAY(J)*»TAUD)=-174.D0)T7CC,9C0,9CC

IF(DABS(NRECAY(J)=TAUD)-174.D0)8BCC,9C0,9C0

TERM(J)=CaDC

GC TC 282

TERM(J)=DEXP(-DECAY(J)*TAUD)/ (DECAY(J)*PI(J))

GC TC 2¢0

TERM(J)=(1.LDD-CEXP(-DECAY(J)=T))=DEXP(-DECAY(J)=TAUD)/
1 (DECAY{J)=PI{J))

SUMIM)=SUM(MI+TERM(J)

CALL SUMMTN (M,1)

A{I)=A(I)+TERM2(M)

SA=SA+A(I)

RETURN

END
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SUBRCUTINE PATIO(D.SD)

COMMON RAT(17) 3 TEE(LO),FRAC(LO) +DECAY(8) 3 THALF(E),4P (L),
LPI(8)y,SUM(8),TERM(8),TERM2(H) ,MEMBR(3) Ty TAUDsTAUCsN+L,
11T

ODOUBLE PRECISION DPECAY,THALF3PsPIySUM,TERM,TERMZ,T, TAUD,

L1TAUC yMEMBR4PCT(8) 4A(8),0D(8) yMEMLI,RNEW(B),SNEW(8B)ySA,50,
1REXP DARS s PSUM4sRAT,,TEE, PROD,FRAC

SD=0.00

00 400 I=14N

D(I)=0.CD

LL=MINO(TI4L)

DC 3C0C M=1,L1L

CALL PRDCT(M,1I)

SUM(M)=CL.D0

DC 2206 Jd=M,1
IF(DABS{DECAY(J)#TAUD)=-174.D0)500,4600,600
IF(DABSI(DECAY(J)=T)-174.D0)7.0,4800,&0C
IF{DARS(DECAY(J)=TAUC)~-174.0C)9CC,100C,1C0°
IF(DABS(DECAY(J)=*TAUC)-174.00)1100,12CC,120C
TERM(J)=C.D?

GC TO 2C3
TERM(J)=DEXP(-DECAY(J)=*TAUD)/(DECAY(J)=DECAY(J)=PI(J))
GO TG 260
TERM({J)=(1.CDO-CEXP(-DECAY(J)=TAUC) ) =DEXP(-CECAY(J)»

LTAUD)/ (DECAY (J) #*DECAY(J) #PI(J))

1000C

9CC

2C0

I00

4u0

GO TC 200
TERM(J)=(1.CDO-DEXP(-DECAY(J)=*T) )#DEXP(-DECAY(J)=#TAUD)/

1 (DECAY(J)=DECAY(J)*PI(J))

GC TC 280
TERM(J)=(1.COC-CEXP(-DECAY(J)#T) )#(1.CN2-DEXP(-DECAY(J)=

LTAUC) ) #*CEXP(-DECAY(J)#TAUD)/(DECAY(J)#DECAY(J)=PI(J))

SUM(M)=SUM(M)+TERM(J)
CALL SUMMTN (M4I)
COE)Y=D(I)+TERMZ2(M)
SD=ST+DI(1)

RETURN

END
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SUBRCOUTINE PRDCT (M,1I)

COMMCN RAT(1C)oTEE(12),FRAC(10),DECAY(8)4THALF(8),P(2),
LPI(8B)ySUM(B) 4TERMI(B) 9 TERM2(8) yMEMBR(8) s Ty TAUDyTAUCyNyL o
111

DCUBLE PRCCISION DCECAY,THALF,PyPIsSUMyTERMy TERMZ2,T,TAUD,
LTAUC yMENMBR,PCTI8) yA(8),L(8) ,MEML,RNEW(8),SNEW(8B),SA,50,
1PEXP,DARS ,PSUM,RAT,TEE,yPROD,FRAC

00 100 J=M,1

f’[(Jl‘:lonfl

00 101 K=M,]

IF(K=-J)102,1C1,102

PI(J)=PI(J)=*(DECAY(K)-DECAY(J))

CONTINUE

CONT INUE

RETURN

END
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SUBROUTINE SUMMTN(M,I)

COMMON RAT(L1C)oTEE(LO)aFRAC(10)DECAY(8)3THALF(B),P(3),
IPI(B),SUM(B)4TERM(RB),TERM2(8) ,MEMBR(8) s Ty TAUDTAUC,NyLy
111

DOUBLE PRECISION DECAYZTHALF4P4PISUM,TERMy TERM2,T,TAUD,
LTAUC yMEMBR,PCT(8) ,A(B3)4D(8) ,MEM14RNEW(8B) ySMNEW(8) ySA,SD,
LDEXP yDABS,PSUM,RAT,TEE,PRODy FRAC

TERMZ2(M)=C.0D

PRUD=1.L0

Ml=M

PROD=PRCD=DECAY (M1)

IF(M1-1)301,302,302

M1=M1+]

GC TC 299

PRUD=PRCN=P(M)

TERM2(M)=PROD=SUM(M)

RETURN

END
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SUBROUTINE CALTAB
COMMON RAT(13)9TEE(1Q),FRAC(LC),DECAY(8),THALF(E),4P(#),
lPI(R)gSUM(B),TERM(8);TERM2(8)'MEMHRIBI'T'TAUDgTAUCgNgLy
111
DOUBLE PRECISION DECAY,THALF,PsPIySUM,TERM,TERM2,T,TAUD,
lTAUC,MEMBR,PCT(SI,A(B).DIB),MEMI,RNEN(B),SNEH(Bi,SA,SD,
1DEXP yDABS ,PSUM, RAT,TEF,PROD,FRAC
PSUM=0.0D
N0 2 I=1,N
WRITE(3,3)MEMBR(I)
FORMAT(QC@e//8X4AB4//)
WRITE(3+4)
FORMAT (2 COLLECT@937XyADELAYDe/ 9@ TIME(T)a@, 34X,
12TIME(TAUD)A./)
T=THALF(I)/100C0.
IF(L=-1)201,20C,200
PSUM=PSUM+P(I)
I1B=C
DO 6 M=1,20
TAUD=THALF(I) /1.
TAUC=THALF(I)
B0 7 K=1,10
TEE(K)=TAUD
RAT(K)=0.D0
CALL RATIOD(A,SA)
RAT(K)=A(T1)/S5A
FRAC (K)=A{I)/PSUM
TAUD=TAUD®1.77827941
IB=1i3+1
GO TGO (94R8)41R
WRITE(3,10) Ty (RAT(K) yK=1411)
FORMAT(1X9D9e342X910(FHa4454X))
WRITE(3313)(FRACIK) ,K=1,10)
FORMAT(12Xs10(F6a4,4X))
GO TC o
ARITE(3,12) (TEC(K)yK=1,10)
FORMAT(11X,10D10.34/)
GO TC 8
T=T*1.77827941
CONT INUE
RETURN
END
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APPENDIX B

Analog Computer Solution and Flow Diagram
The solution of Equations 18 using a Pace, model TR-20, analog com-
puter is presented in this section. The solution was used to test the re-
sults of the digital program ISOBAR for a ficticious decay chain and a
comparison of the results is presented.
Consider the following ficticious decay chain consisting of five mem-

bers and three production terms,

\ N )\,\ 130 )\\ |30>\3 o130 g e

130 )\5
Sp e
where

P, = 2 x 109 atom/sec A, =0.693 sec™!
P, = 4 x 10° atom/sec N, = 0.1732 sec™t
P3 =2 x 109 atom/sec XB = 0.0433 Sec:-1
P, = 0 A, = 0.0108 sec™!
P5 =0 )\5 = 0.0027 sec:-1

Using the above values Equations 18 become

1.386 - 0.693 A;

0.693 + 0.1732 A - 0.1732 A,

]

0.0866 + 0.0433 Ay - 0.0433 A, (2B)

!‘

0.0108 A3 - 0.0108 A,

—2 = 0.0027 Ay - 0.0027 As
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where, due to magnitude scaling requirements,

1 -9 .
Ay = 10 “As 3 4= 1,5 (3B)

The TR-20 computer was programmed to solve Equations 2B. The flow
diagram for the program is shown on Figure 14. The voltage inputs to the
ganged switch at the upper left of the diagram simulate the radioactive
isobars in the isotope separator beam. When the switch is closed the solu-
tion is analogous to the buildup of radioactive isobars on the tape of the
moving tape collector. The length of time the switch is closed is the
buildup time, T. When the switch is opened the solution is equivalent to
terminating the collection of radioactive isobars at a particular point on
the tape either by deflecting the isotope separator beam away from the
deposit point, or by moving the tape away from the deposit point. The
length of time the switch is opened is the decay time, 7&.

The solution is obtained by placing the computer and a recorder in
the operate mode with the beam switch closed. After the desired buildup
time the switch is opened and the decay of the activity is recorded. Fig-
ure 15 shows a solution for Equations 2B and 3B for a buildup time of T =
20 seconds followed by a decay period. The point where the decay time
equals 20 seconds is noted.

A solution of the decay chain activities using the digital program
IS0-BAR was obtained for T = 20 seconds and TAUD = 20 seconds and the re-

sults were compared with the analog solution. The following table shows

the results obtained:
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Figure 14.
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Table 5. Comparison of analog solution and program ISOBAR results for
T =T, = 20 seconds

d
Fictional Analog ISOBAR Analog ISOBAR
nuclide solution solution solution solution
Ay (TaTis) A, (T,TAUD) W R; (T, TAUD)
N0 0 0.1913 x 10% 0 0.5317 x 107
7 g 0.20 x 10° 0.2022 x 107 0.0588 0.0562
Mc130 2.35 x 109 2.413 x 109 0.6912 0.6707
RS 0.90 x 10° 0.9403 x 109 0.2660 0.2613
gp 130 el 0.4249 x 108 0 0.0118

%The value of R;(T,7y) was obtained from Figure 15 by calculating the
ratio of the individual activities to the total activity.

Since the accuracy of the analog computer is under the best condi-
tions about + 1%, when the amplifier output is less than about + 0.5 volts
(corresponding to Ai(T’7h) = 0.5 x 107 in this case) errors as large as
+ 20% could be expected to occur. The agreement shown in Table 5 is thus

reasonably close and indicates that the ISOBAR program functions properly.
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APPENDIX C

The ISOMAX program listing appears on pages 67 through 76 in this
section. The input parameters and format specifications are similar to
the ISOBAR program. Also several of the subroutines called are the same
as those called by the ISOBAR program and were described in Appendix A.

The operation of the program is easily determined by reference to the

program listing and thus a flow chart is not included.
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——-ISUNAX-—= A PRUGRAM FOR MAXIMIZING ACTIVITY SEPARATION
IN DECAY CHAINS

(el i el e e

COMMON DECAY(8)4P(8),PI{B)sSUM(S),TERM(B), TERM2(8) T,
1TAUD yNgL,I1
DCUBLE PRECISICON MEMBR(E2)sMEML,DECAYP,PI4SUM,TERM,
1 TERPE'TyTAUD,A(R)gﬁlT[B)yﬂZT(B),UlTAU(B)!DZTAU(S)'
LFR(2)yFRR(242) yRNEW(B) yROLD(#),CELTA(2) FRFRRyFRSU»SA,
1SA2,SA%44SD1TAU,SD2T,SD1T,SD2TAU,DEXP,CONST,STEP4RCOT
1U0SQRT+DABRS s MULT o SAVT 3 SAVTAU
13 READ{1,1CGC01IMENML,,LsN
100C1 FCRMAT(AZ,213)
READ(1910C1){MENRRIJ)yJ=1,N)
1CC1 FORMAT(8AZ)
1C0C2 FCRMAT(4D20.12)
READ(1,100G2) (CECAY(I),I=1sN)s(P(I)yI=14L)
WRITE(3,1CC2)MEN]
16C2 FCRMAT(all CHAIN a@aq.A8/)
100C3 FCRMAT(5XyaN=ayI5,1CX,dDECAY CONSTANTS2,47)
WRITE (3,10C03) N
WRITE (3,1GC02) (DECAY(I),I=1,N)
10004 FORMATISX,aL=0¢15,10Xy2PRODUCTION CUONSTANTSa,/)
WRITE (3,10C04) L
WRITE (3,10002) (P(I),I=1,1)
II=1
T=0.25
WRITE(341503)
15C3 FCRMAT{10X,//7/7)
WRITE(341504)MENMBRIII)
15C4 FORMATI(1UOXeA8)
WRITE(3,15005) 11
150CS5 FCRMAT(Z2UX4aIl=2,13)
WRITE(3,15073)
15008 FORMAT(SX,ATRIALD,19X,@T2,23X,aTAUDR21X4adRATIOE,18X,
13MOTCR SPLde/)
MM=
399 TAUD=G.L
CALL RATIOC(A,SA)
RCLO(TI)=A(TI1)/SA
SPS=47.13/T7
WRITE(3415009) MMy ToTAUDSZRCLD(ITI)$SPS
150C9 FORMAT(5XsI392XyN20.1235X4D20e1235X30201235X93F1Ce4%)
TAUD=11.*T
CALL RATIO(A,SA)
RCLD(ITI+#1)=A(TXI+1)/SA
WRITE{(3415500)TyTAUDL,ROLDLII+1)
1550C FOCRMAT(10X9sD20a1295X3020.1295X3020.12535%X,aTHIS IS 2NDd,
1% DET ACT SEP FUR 2NO MEMBER OF CHAINEs/)
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T=T#1.414214

MM=MM+1

IF(T-47.1999399G9,1

I1=11+1

FORMAT (2D2C.12)

REALU (1,11111) T,TAUD

STEP=1.00

MM=C

CALL RATIC (Ay,SA)

RCLDA(II)I=A(I1)/5SA

WRITE(3,1003)

FORMAT(1CXy/7/7)

WRITE(3,1CO4)}MEMBRITIT)

FORMAT(10X,AB)

FCRMAT(20X,21I=a,13)

WRITE (3,10005) 11

FORMAT (10XsaSTARTING RATIO=@,020.12)

WRITE (3,10C006) ROLD(IT)

FCRMAT (20Xy,3STARTING POINT AT T=a,02C.12y5X43TAUD=2d,
1 b2¢.12)

WRITiE (3,10CC07) T,TAUD

FCRMAT (1CX,2STARTING STEP S512E=a,020.12)
WRITE(3,502) STEP

WRITE(3,100C8)
FORMAT(5X,aTRIALE,10X,@TR,23X,adTAUDEy20X,ARATIOG, 18X,
1aSTEP SIZEQy/)

CALL AT(SD1T,D1T)

CALL ATAU(SDITAU,D1TAU)

CALL ATT(SD2T,DZT)

CALL ATAUTA (SD2TAU,D2TAU)

SAZ=SA#SA

SA4=SA%xn4

FRO1)=(D1T(II)=SA-A(IT1)=SD1T)/SA2
FR(2)=(DL1TAU(TITI)=»SA-A{TII)=SD1ITAU)/SAZ
FRRU1,1)=((D2T(TI)=SA~A(IT)=502T-D1T(I1)=SD1T=#2.000)=SA2
L+A(I 1) #SA=SDL1T=SD1T#2.,000)/SA4
FRRO1,2)=((D2T(I11)#SA-DIT(IT)*SDITAU-DITAU(II)=SD1T
1-A(Y 1)1 =#SD2T)=2SA24A( 11 )=SAsSD1T#SD1ITAU=2,0D0)/SA4
FRR(2y1)=FRR(1,2)
FRR(242)=((D2TAU(TII)=SA~-A(IT1)#SC2TAU-DITAU(TII)=*SD1TAU®
12.000)#SA2+A(T1)#SA=SDITAU*SD1ITAU=2.0G00)/SA4
FRFRRA=FRR(141)2FRR{2,2)-FRR(1,2)%FRR(2,1)
IF(FRFRR)YGE41250

FRR(Z2,1)=FRR(1,1)

FRR{1,1)=FRR(2,2)/FRFRR

FRR(232)=FRR(241)/FRFRR

FRR(1y2)=—FRR{142)/FRFRP

FRR{2s1)=FRR({1:2)

MM=MM+1

CONST=0.Du0

DO 51 I=1,2
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no 51 J=142
51 CONST=CONST+FR(J)#FRR(J,I)=FR(I)
IF(CCENST)52+12454%
52 CONST=-CONST
ROOT=-1.0D0=#DSQRT(CONST)
GO TO 55
54 ROOT=DSQRT(CONST)
55 DO 56 I=1,2
CELTA(I)=C.0C
DO 56 J=1,2
56 NELTA(I)=-(STEP/ROOT)*(FRR(I,J)=FR(J))I+CELTA(I)
SAVT=T
SAVT AU=TAUD
57 T=5AVT+DFLTA({L)
TAUD=SAVTAU+DELTA(2)
66 CALL RATIOC (A,SA)
ANEW(ITI)=A(II)/SA
IFIRNEW(IT)-ROLD(II))E3,419,62
62 RCLD(IT)=RNEW(II)
1C0C9 FORMAT(S5Xs13,2X,020.1255X,D20.1255X,020412,5%X,D20.12)
WRITE (3,10009)MMyTyTAUD,RNEW(IT),STEP
GC TC 2
63 IF(RNEW(ITI)-ROLC(II)+1.CD-9)58419419
58 MULT=.5CC
STEP=STEP=MULT
D0 61 I=1,2
61 DELTA(I)}I=MULT=CELTA(I)
NN=1
IF{DABS(DELTA(NN) )-.1D-10)8(,80,57
80 IF(DABS(DELTA(NN+1))=-.1D0-10)19,19,57
1C01C FORMAT(1COX4211=a4513,5X,2MAXIMUM RATIU=2,D2C.12)
19 WRITE(3,1C010) II,ROLDI(II)
IF({II+1-N)1,12,12
12 GC TC 13
END
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SUBRCUTINE RATID (A,SA)

COMMUON DECAY{B)sP(B),PI(8B),SUM(H),TFRM(B),TERM2(B) T,
1TAUD oNoL,I1

NOUBLE PRECISION A(8)4yDECAYsPyPIySUMsTERMyTERMZ s T, TAUD
1CEXP4SA,DABS

SA =C.DC

CC 400 I=1,N

A(lI)=C.CcC

LL=MINC(I,L)

DO 3C0 M=1l,.LL

CALL PRDCT (M,T7)

SUM(M)=C.CO

PC 2CC J=M,I

IF(DABS(DECAY(J)=T)-174.D0)500,6C0,40C
IF{(DABS(DECAY(J)*TAUD)-174.0C)TCC49CH,90C
IF(DABS(DECAY(J)=TAUD)-174.CC)800,900,9C0C
TERM({J)=C.DO

GC TC 2C0
TERM(J)=DCEXP{-DECAY(J)=TAUD)/(DECAY(J)=PI(J))

GC TC 2C0
TERM(J)=(1.0DC-CEXP(-DECAY(J)=T))#DEXP(-DECAY(J)=TAUD)}/
1 (DECAY(J)=PI(J))

SUM(M)=SUM(M)+TERM(J)

CALL SUMMTN (M.1)

A(T)=A(I)+TERMZ(M)

SA=SA+A(])

RETURN

END
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SUBRCUTINE AT(SC1T,1T)

COMMUN DECAY(8)4P(B),PI(8)ySUM(B)TERMIE)»TERM2(8) 4T,
LTAUD yNyL 11

DOUBLE PRECISION DECAY,PsPIsSUMyTERMyTERMZ2,T,TAUD,
1SD17V,017(8) DEXP,DABS

SD1T=C0.00

DO 4CC I=14N

D1IT(I})=0.DC

LL=MING(I,L)

DO 3CC ¥M=1,LL

SUMIMI=CG.DO

D0 2C0 J=Ms1
IF(CABS(DECAY(J)=(T+TALUD))~174.0L20)500,60C,6C0
TERM(J)=0.D0

GO TG 209
TERM(J)=DEXP(-DECAY(J)=(T+TAUD))I/PI(J)
SUM(M)=SUM(M)I+TERM(J)

CALL SUMMTN (M,1I)

DITCI)=DLIT(I)}+TERM2(M)

SO1T=SD1T+L1T(I)

RETURN

END
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SUBRCUTINE ATAU(SD1TAU,D1TAU)

CCMMON DFCAY(B)4P(B)yPI(8)sSUM(B),TERMIB),TERM2(3) T,

I1TAUD yNyLo 11

DCUBLE PRECISICN DECAY,P,PI,SUMyTERM,TERM2,T,TAUD,

LSP1TAU,D1TAU(B) .DEXP,DABS

SC1TAU={.00

DO 4C0C I=1,N

DITAU(I)=C.05

LL=MINO(I,L)

DO 300 M=1,LL

SUM(M)=C.CO

NO 2CC J=M,I

IF(DABSI{DECAY(J)#T)-174.D0)500,6CC,60C
5CC¢ IF(DAES(DECAY(J)=TAUD)-174.DC)T7CC490249CC
6CC IF(DABS(DECAY(J)*TAUD)-174.00)8C0,90G4+9C0
9CC TERM(J)=C.DC

GO TC 2CC
BOC TERM(J)=—-DPEXP(-DECAY(J)=TAULC)/PI(J)

GG TO 20C
T0C TERM(J)==(1.0DC-DEXP(-DECAY(J)=T))*CEXP(-DECAY(J)

1#TAUC)/PI(J)
200 SUM(M)=SUM(M)+TERM(J)

CALL SUMMTN (M,1)
3CL DITAUCID)=D1TAU(I)+TERMZ(M)
4CC SDITAU=SDITAU+DITAULI)

RETURN

END
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SUBRCUTINE ATT{(SD2T,L2T)

COMMUON CECAY(8)4,P(B),PI(8B),SUM(8),TERM(B),TERM2(8) 4T,

1TAUD gNyL, 11

DOUBLE PRECISION DECAY,P4PIsSUM,TERM,TERM2,TyTALUD,SD2T,

102T(8),DEXP4,DABS

SN2T=C.D0

OO0 4C0 I=14N

N2T(1)=C.00

LL=MINI(I,L)

00 3CC M=1l.LL

SUm(M)=C.DO

RC 2CC J=M,1

IF(DABS(DECAY(J)=(T+TAUD))-174.D00)500,600,6CC
6C0 TERM(J)=C.DD

GO TG 2¢Cn
500 TERM(J)=—DECAY(J)*DEXP(-DECAY(J)=(T+TAUL))/PI(J)
20C SUM(M)=SUM(M)+TERM(J)

CALL SUMMTN (M.1)
3CC D2T(IN=D2T(I)+TERM2(M)
4CC SD2T=SD2T+D2T(1)

RETURN

END
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SUBROUTINE ATAUTA(SDZ2TAU,D2TAU)
COMMCN DECAY(B)P(8)4PI(8)ySUM(B)TERM(E)yTERMZ2(8) 4T,
LTAUD gNgL,I1
DCUBLE PRECISION DECAY,P4PIsSUM,TERM,TERM2, Ty TAUD,
1SD2TAU,D2TAU(8) yDEXPyDABS
SD2TAU=0.00
DO 400 I=1,N
D2TAU(I)=C.D3
LL=MING(I,.L)
DG 300 M=1,LL
SUM(M)=C.DD
LO 2CC J=M,1
IF(DABS(DECAY(J)#T)-174.D0)500,4600y60CC
5CC IF(DABS(DECAY(J)=*TAUD)-174.D0)7CC,9C0,9C0
6CO0 IF(DABS(DECAY{J)=TAUD)-174.00)800,9C0,90G0C
9CC TERM(J)=0.DC
GO TG 2¢O
8CO0 TERM(J)=DECAY(J)=DEXP(-DECAY(J)=TAUD)I/PI(J)
GO TC 2¢°2
700 TERM{J)=DECAY(J)#{(1.0CO-DEXP(-DECAY(J)*T))=
1CEXP(-DECAY(J)=TAUD)/PI(J)
200 SUM(NM)=SUM(M)+TERM(J)
CALL SUMMTN (Me1)
300 LD2TAULTI)=D2TAU(I)+TERMZ2(M)
4C0 SD2TAU=SD2TAU+D2TAU(I)
RETURN
END
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SUBROUTINE SUMMTN(M,I)
COMMON DECAY(8)4P(8B),PI(B),SUM(8),TERM(8),TERMZ2(8) 4T,
LTAUD yNyL, 11
DOUBLE PRECISICON DECAY,P,PI,SUMyTERMyTERM2,T»TAULD,
1PRODLCEXP
TERM2(M)=0.00
PROD=1.D0
M1=M
299 PRUOC=PROD#DECAY(M1)
IF(M1-1)3C1,302,302
301 M1=M1+1
GO TO 299
302 PROD=PRCC=P(M)
TERMZ2(M)=PROD*SUM(M)
RETURN
END
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SUBRCUTINE PRDCT (M,I)
COMMON DECAY(8),P(8),PI(8),SUM(8), TERM(B),TERMZ(B) Ty
LTAUD 4Ny L,II
DOUBLE PRECISION DECAY,P,PI,SUM,TERM,TERM2,T,TAUD,DEXP
DO 100 J=M,1
PI{J)=1l.00
DO 1C1 K=My1
IF(K=J)102,101,410C2
182 PI(J)=PI(J)={DECAY(K)=-DECAY(J))
101 CCONTINUE
160 CCNTINUE
RETURN
END



