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This report summarizes the work completed during the first year of a two-year 
grant by NCI/HEW to investigate the feasibility of developing a D-T neutron generator 
for use in cancer therapy. Experiments have continued on the Target Test Facility 
(TTF) developed during a previous grant to investigate high-temperature metal hydrides 
for use as target materials. The high voltage reliability of the TTF has been 
improved so that 200 kV, 200 mA operation 1s now routine. In recent target tests, 
the D-D neutron production rate was measured to be>l x 1 0 u / s , a rate that corresponds 
to a D-T neutron production rate of >1 x 10 1 3/s - the desired rate for use in cancer 
therapy. Deuterium concentration depth profiles in the target, measured during 
intense ion beam bombardment, show that deuterium is depleted near the surface of the 
target due to impurities Implanted by the ion beam. Recent modifications of the 
duoplgatron ion source to reduce secondary electron damage to the electrodes also 
improved the ion source efficiency by about 40%. An ultra high vacuum version of the 
TTF is now being constructed to determine if Improved vacuum conditions will reduce 
ion source Impurities to a sufficiently low level that the deuterium near the surface 
of the target is not depeleted. Testing will begin in June, 1980. 



FOREWORD 

This work is sponsored by the National Career Institute under HEW Grant No. 
CA25156-D1. The project is centered in the Applied Technology Division of the 
Neutron Devices and Technology Department of Sandia National Laboratories, 
Albuquerque, with Frank M. Bacon as principal investigator. Project Officer for 
NCI is Francis J. Mahoney. The two year grant was initiated on June 4, 1979; 
authorization from DOE to Sandia was received on July 13, 1979. 
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I. INTRODUCTION 

The primary objective of the present grant is the development of a neutron 
generator based on the Dtt.n^He reaction (commonly called a D-T neutron generator) 
for use in cancer therapy. The generator will consist of a 200 kV ion accelerator 
capable of delivering a 200 mA deuterium and tritium ion beam, produced in an ion 
source, to a solid target containing deuterium and tritium. The target consists of 
a high-temperature, metal hydride film on a water-cooled metal substrate.'*2 Although 
the system will be designed to handle tritium, only deuterium will be used in the tests 
because radiation hazards are considerably reduced. Tritium operation wiil be 
possible after a neutron shield is designed and constructed under a future grant. 
The goal for neutron production rate from the D(d,n)3He reaction is 10 n / s which 
scales to 10 1 3/s from the D-T reaction, the desired rate for use in cancer therapy. 

In a previous research program, a target was developed for use in an intense 
neutron source. 1' 2 Experiments 'erformed on a deuterium ion accelerator called the 
Target Test Facility {TTF) showed that the neutron output and target lifetime were 
detrimentally affected by impurities in the ion beam. Modified ion source electrodes^ 
and an ultra-high-vacuum (UHV) accelerator were proposed4 as solutions to the impurity 
problems. High-voltage reliability was demonstrated to be inadequate on the TTF and 
steps have been taken to improve the high voltage characteristics of the accelerator 
and the high voltage power supply. In parallel with the design and construction of 
the UHV accelerator, target experiments on the TTF have continued and now include the 
capability of monitoring the deuterium concentration depth profile5 in the target 
during ion beam bombardment. Ion source experiments have included further work on 
the duopigatron6, the ion source used on the TTF, and the design and construction 
of a multi-cusp magnetic field ion source. The latter ion source has the possible 
potential of operating at sufficiently low pressure that a non-pumped neutron tube 
could be designed; this feature would simplify tube operation and reduce the tritium 
inventory. 

II. TTF EXPERIMENTS 

A. TTF Modification 
A target analysis chamber has been added to the TTF to allow deuterium concentration 

depth profile measurements to be made as described in the next section. A schematic 
diagram of the TTF assembly is shown in Fig. 1. The target is now located 1.5 m from 
the ion source compared to 0.6 m in the earlier version of the TTF. To transport the 
beam the additional distance while maintaining a beam diameter at the target of 35 mm, 
the beam neutralization point was moved closer to the accelerator gap as described 
previously.1'2 In the initial experiments with the longer source-to-target spacing, 
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Fig. 1. Schematic drawing of Target Test Facility. 
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the beam diameter was larger than anticipated assuming a space-charge-neutrali2ed 
ion beam. The gas pressure in the lower chamber was about 10- 5 Torr. Adding argon 
or hydrogen gas to the lower chamber reduced the ion beam diameter and increased 
the peak surface temperature of the target due to ion beam heating, as measured using 
the infra-red camera. 1' 2 A plot of the peak surface temperature of the target due to 
bean1 heating as a function of hydrogen pressure in the lower chamber is shown in Fig. 2 
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Fig. 2. Peak surface temperature of target due to ion beam heating 
versus hydrogen pressure in lower chamber of TTF. Several 
curves are shown for different operating conditions. 

for several operating conditions. These data indicate the hydrogen pressure should be 
above 3 x lCr1* Torr to provide sufficient electrons from ionization of the background 
gas for space charge neutralization of the ion beam. Similar data for argon backfill 
showed that the argon pressure had to be greater than 1 x 10-1* Torr. The difference in 
pressure requirements for hydrogen and argon is presumably due to the smaller electron 
producing cross sections for hydrogen compared to argon 7. 



Instrumentation on the new target chamber (lower chamber in Fig. 1) includes the 
proportional counter proton detector for measuring the neutron output and the IR camera 
to measure the target radiance due to ion beam heating as described previously . ]* 2 

In addition, collimated proton detectors have been mounted on the chamber to view small 
areas on the target; these detecturs :re used in the deuterium concentration depth 
profile measurements described in the next section. 

B- Deuterium Concentration Depth Profile Measurements/Beam Impurity Effects 
An intense neutron source suitable for cancer therapy must possess a stable long-

lived output. During the past year, three fully-loaded ScD 2 targets have been run on the 
TTF under 150 keV, 120 mA deuteron bombardment. Each exhibited a neutron output 
characterized by a rapid decay for the first 200 minutes of operation, followed by a 
slower decay, leveling off at about 50% of the initial value. This decay, for the 
experimental run with the most stable beam, is describee by the whole target curve 
shown in Fig. 3. 

Fig. 
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3. Neutrqn output decay observed for 150 keV, 120 raA bombardment of ScD2. 
The output produced by the highest current density portion of the beam 
(center) decayed more rapidly than the whole target average. 



It was deduced from the proton output of the D(d,p)T reaction, as measured by a 
proportional counter. The output produced by the center 203S of the beam current was 
also measured for this target. Here a surface barrier detector and several collimating 
apertures were used to observe only the protons produced by the center 0.5 cm dia. 
of the beam. This output was found to decay more rapidly than that of the whole 
target, as shown in Fig. 3. The more rapid decay is assumed to be associated with 
the higher current density present at the center of the beam. This report summzarizes 
present investigations into the origins of this decaying output. Depth-dependent, 
dynamic profiles of the deuterium concentration and post-norten target analyses 
indicate the observed decay is due to impurity-produced deuterium desorption. 

In order to understand the decaying output, depth profiles of the deuterium 
concentration were deduced for the center beam spot area profiles of the deuterium 
bombardment. These were obtained by analyzing the energy spectra of protons detected 
with the surface barrier detector, according to the procedure developed in Ref. 8. 
The detection geometry used is described by the parameters: $ = 165° (relative to the 
beam direction), n = 3.49 x 10" 5 sr, observed target area = 19.3 mm 2, Al foil 
detector fi 1*-- thickness = 2 urn. The initial spectrum obtained from a ScD 2 target 
for the firs minutes of operation is shown in Fig. 4. This target was analyzed 
prior to the TTF bombardment using the nuclear reaction technique at low current 
density and determined to have a deuteriwn-to-metal ratio of D/Sc = K95 ± .05. This 
spectrum was used as a "standard" to provide normalization for the profile reduction. 

Spectrum analysis on the TTF is complicated by the fact that the ion beam is 
composed D , D 2 , and D 3 ions. As a result, the proton spectrum is a superposition 
of the spectra produced by the three ions. The procedure for reducing a deuteron-
produced spectrum into a target deuterium depth profile has been shown to be accurate 
to a depth of about 0.9 vm for 200 kc-V deuterons on SCD2. 8 Subsequent measurements 
have found that this profiling range is reduced to about 0.6 ym for 150 keV deuterons. 
For the back-reaction geometries (<J>TT/2), the enerqy of an emitted proton increases with 
decreasing deuteron energy. Thus, proton energies increase with reaction depth in the 
target. Only a small amount of this energy increase with depth is lost as the proton 
escapes the target. The spectrum produced by the D 2 ions may be obtained by treating a 
D 2 ion as two deuterons, each with half the energy of the beam. Since these deuteron 
energies are lower, this spectrum occurs higher 1n energy than that produced by the D 
ions. A similar situation results for the D 3 ions. Fiqure 5 shows the projected depths 
corresponding to the energies of the detected protons for each beam comoonent. Clearly, 
the lowest energy protons resulted from the D ions alone. As a result this region can be 
analyzed in a straightforward manner to give a deuterium profile to a depth of about 0.4**n. 
Using the "standard" spectrum, such an analysis requires antique value for the D + fluence. 
The region of proton energies 2.735E^2.78 KeV 1s a superposition arising from protons 
produced at depths <4 um by D + ions and protons produced near the surface (X <0.2 urn) by 
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Fig. 4. Proton energy spectrum from a fully-loaded ScD2 target during the f i r s t 3 
minutes of bombardment. The smaller peak results from D 2

+ ions in the beam. 
A third, low amplitude, unresolved higher energy peak produced by the 0 3

+ ions 
aUo resides on the high energy t a i l of the Q+ peak. 
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Fig. 5. Projected depths corresponding to the detected energies of protons produced 
by the three beam components. Jpectral overlap occurs only for proton 
energies above 2.73 HeV. 



D 2 ions. These may be separated by requiring profiles deduced from each component 
to agree with the standard. Compensation must also be made for resolution produced 
broadening of surface proton addresses. This procedure uniquely determines the only 
adjustable parameter, the D 2 fluence for the spectrum. The spectrum and its components 
for the protons used in deducing the profile to a depth of 0.6 pm are shown in Fig. 6. 

2.65 2.70 2.75 
Proton Energy (MeVl 

Fig, 6. Separation of the spectrum components produced by D and D 2 ions. 
Deuterium ...'»i oroflles are deduced from the D component. 

Only the D and i onr.i-'onts are required for this analysis. The beam composition, 
determined with .i" ">:facy of about 5£ by this procedure, was D +:D 2 :D 3 = 55:36:9, 
in close agreement with ion heam analysis.6 

Sixteen spectra were obtained during about 7 hours of target bombardment. Except 
for the first, all were accumulated for a duration of TO minutes in order to obtain 
good statistics. The profiles deduced for the average beam times of 2, 12, 36, 56, 77, 
183, and "20 minutes are shown in Fig. '. The output decay of Fig. 1 is clearly the 
result of a depletion of deuterium within the top fraction o? a micron of the target 
film. This cannot be due to overheating of the target, since such a condition would 
produce profiles uniformly depleted in depth, due to high deuterium diffusion. In 
addition, a low current density deuteron beam was found unable to reload this film. 
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The rapid depletion for the top 0.2 um of the target suggest an impurity 
produced desorption mechanism. Indeed the range of 150 keV, low Z impurities in Sc 
and its low 2 compunds is about Q.2 um. Following the experimental run, the center 
of this target was analyzed f ^ low Z impurities using nucle; .* reaction techniques 
at 1.4 MeV. The results of this analysis are summarised in Table I. A total of 
about 1.9 x 1 0 1 B atoms/cm2 were found of 0, C, and N impur'ties. Scandium forms 
stable compounds with each of these impurities, the most probable of which are 
tabulated. Assuming that each impurity atom ro-ides in one of these compounds implies 
that the deuterium is detrapped at the indicated D/Impun'ty ratio. The net result is 
that a total of about 3.1 x 1 0 1 6 D/cm2 would be released from the scandium and free 
to escape the target film. Integrating the difference between the 2 and 420 minute 
profiles of Fig. 5 and using a Sc atom density of 3.6 x 10 2 2cm" 3 produces a deuterium 
depletion of 2.9 x 1 0 : 8 0/cm2. Thus the observed output decay is believed to be 
understood in terms of beam implanted impurities. The initial rapid decay results 
from deuterium detrapping in the implanted layer. The subsequent slower decay results 
from a migration of the impurities to deeper depths within the film. Ueuterium 
profiles obtained for even longer bombardment times on other experimental runs agree 
well with the 420 minute profile of Fig. 7. Thus the impurities in the target appear 
to reach a saturation level. 

3J3-

Fig. 7. Deuterium profiles obtained as a function of beam time. Deuterium is first 
depleted from the surface region, then from deeper within the target film. 
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The initial rate at which the depletion proceeds can be used to determine the 
impurity levels in the beam. Figure 8 shows the integrated deuterium loss deduced from 
the dynamic profiles as a function of total beam fluence. The initial detrapping rate 
shown by the dotted line is 0-0086 D/ion. If the impurity proportions in the beam are 
the same as those found by the post-mortem analysis, this detrapping rate corresponds 
to a total beam impurity level of about 0.5%, in good agreement with the beam analysis 
of Bickes and O'Hagan.3 This imourity-iraplant detrapping mechanism is being modeled to 
include the effects of surface sputtering and impurity diffusion. The net effect for 
an intense neutron source is to reduce the output to about 50:i a.:ter the impurity 
saturation level is reached. Reducing the impurity level in tne beam should extend 
the time before this reduced, stable operation is achieved. Other target film 
materials will be investigated for their impurity implant and diffusion behavior. 
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Fig. 8. Integrated deuterium loss as a function of beam fluence. The 
initial detrapping rate is constant and gives a measure of the 
beam impurity concentration. 
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Experiments on a 50 urn thick scandium target film are in process at this time. 
These tests were made to verify that the beam power density of M kW/cm 2 could be 
conducted through the thicker film; previous work has beer, done on film thicknesses 
up to 10 am. Initial tests at 200 kV, 200 mA with a beam spot size of about 10 cm 2 

showed that the power density could be dissipated with no apoarent difference between 
the 10 um and 50 yin thick films. The D-D neutron output rate was (1.1 - 1.9) 
x lO-Vs which scales to a D-T neutron output rate of 1-2 x 10 1 3/s. The tests will 
be continued to analyze the deuterium depth profiles and to determine the long-tei.n 
neutron output rate similar to the work reported above. 
C. Accelerator Modifications for Better Reliability and Stability 

Several modifications have been made to the present TTF to improve Its performance. 
First, the HV power supply was modified to improve its high voltage operation. Prior 
to the modifications, sparks in the accelerator would initiate a high-voltage breakdown, 
(HUB) inside the power-supply. Following several conversations with Universal Voltronics, 
new transformer windings were purchased that had improved flashover characteristics. 
Since installation of these windings, breakdowns due to internal flashover of the power 
supply have not been observed. 

Second, the high voltage feedthrough which provides the secondary electron 
suppression bias to the extractor electrode was changed to one having a higher voltage 
rating. In addition, its in-vacuum lead was covered with a single piece of glass tubing 
to prevent HVB's by shielding the bias lead from the plasma present in the neutralizing 
region. This was done to permit experiments with higher bias potentials to detemr'ne 
their effect on ion source operation. Before the modification, the bias was limited 
by HVB's to 4 kV. Now, bias potentials at least as high as 10 kV are possible without 
HVB's. A preliminary result indicates that 7 kV bias will be required for reliable 
200 kV operation. 

The third modification involved a re-design of the extractor-neotralizer -..ounting 
assembly to provide a more rigid structure. This change was prompted by the observation 
that the ion beam was moving on the target in response to the application of high 
accelerating voltages. Some movement of the electrode structure was detectable by hand 
pressures, and it was theorized that the electrodes were being shifted by electrostatic 
forces. Since the modification, only small slowly changing deflections have been 
observed, and these are probably due to thermal effects. 

Fourth, the molybdenum extractor cap was modified to assure that it vould remain 
rigidly attached to the extractor electrode. This was done after it was discovered that 
the electrostatic fields could dislodge the cap after it became heated, thereby inducing 
breakdown, or even skewing the ion beam to the extent that it could damage parts of the 
vacuum chamber. This modification has eliminated that problem. 
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Fifth, the ion source configuration has been modified to in?rove its operation. 
The aperture in the intermediate electrode* anode and secondary cathode were 
increased from 6.4 mm to 9.5 mm, 9.5 mm and 12.7 mm, respectively. As discussed 
in Section III* the modification dramatically Improved the source's extraction 
efficiency. Boron nitride insulator sleeves have replaced the alumina sleeves on 
the filament holder posts in the ion source. Unlike alumina, boron nitride is not as 
susceptible to cracking and shattering when bombarded by the secondary electron beam, 
and thus far no problems have been encountered with its use. A secondary electron 
beam catcher was fabricated to absorb the high energy of secondare electrons, which 
are focused back into the ion source, without melting. The catcher consists of a 
A.8 mm concentric conical hole drilled into the solid, water cooled copper filament 
holder mounted at the top of the ion source. No melting or other damage tc the 
catcher has been observed with adequate bias at 200 kV even after several hours of 
operation. In a similar manner, a copper disk was brazed over the snout of the 
intermediate electrode to improve its thermal conductivity thereby eliminating 
secondary electron damage to the intermediate electrode aperture region. To 
improve the beam focus, a new focus electrode was fabricated which, according to 
computer simulations by J. E Boers,9 should provide a more highly focused beam. 
Preliminary results tend to support that prediction although additional testing is 
necessary. 

Sixth, an ion source pulser has been constructed and installed 1n series with 
the ion source arc supply. It has been found that by pulsing the ion source off 
for 1 second when triggered by corona or pre-breakdown electrical noise, HVB's internal 
to the tube can be virtually eliminated. It is believed that such HVB's are aggravated 
by the presence of the ion beam, and by turning off the source for 1 second, the HVB's 
are not initiated. It i5 anticipated that such a source pulsing scheme will be 
incorporated into the final tube design. 

Seventh, it has recently been found that optimum focusing can be achieved with 
the present ion source by proper adjustment of the magnitude of the magnetic field. 
The focus can be so improved that the heating of ancillary parts of the vacuum system 
close to the beam is drastically reduced. Therefore, a remote adjustment to the magnet 
current power supply has been installed to permit fine tuning of the beam focus from 
the control console. 

Eighth, the ability of the magnetic field to affect beam focus has been exploited 
to prevent beam overfocuslng. By using the output of the ion source pulser mentioned 
earlier to simultaneously trigger the magnet it is possible to defocus the beam during 
source restart. This prevents the beam from passing through the overfocus mode thereby 
preventing target damage from overheating. 
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Ninth, an INFICON mass spectrometer has been Installed on the accelerat r side 
of the vacuum chamber. This addition has greatly improved the vacuum reproducibi l i ty 
and re l i ab i l i t y by helping to track down permeation and other small leaks which may 
have been responsible for var iab i l i t y in earl ier results, r t has also provided a 
simple means of deteraring the proper filament activation procedure by displaying 
i t s characteristic outgissing spectrum. 

Tenth, f i l t e r s have been instal led in the chi l led water lines which provide 
cooling for the target. Since the f i l t e r s were instal led, reductions in water flow 
due to plugging of the target cooling channels has not been observed. 

Final ly, dispenser type cathodes, passible replacements for dipped type filaments, 
have been tested. The dispenser cathodes, obtained from Spectra Mat. Inc., have been 
found to perform as well as the dipped filaments, with the possible added benefit of 
fewer HVB's during operations. Since the dispenser cathodes produce no powdery residue 
from act iviat ion ( in contrast to the dipped filaments) i t is now believed that many 
breakdowns may have resulted from particles fa l l ing into the high voltage gap. The 
only disadvantages of the dispenser cathodes have been a var iab i l i ty in their activation 
characteristics when new, a sl ight d i f f i cu l t y in reactivation after an air exposure, 
and a tendency to sag after several hours of operation. 

As a result of the above modifications, operation with an ion beam current of 180 
to 205 mA at 200 kV has been achieved- At the time of this wr i t ing, the integrated 
operating time at this level without an HVB is over 5 hours, and i t appears that such 
operation should be v i r tua l ly unlimited by either the ion source or accelerator. 

I I I . ION SOURCE EXPERIMENTS 

A. Duopijatron 

Di f f icu l t ies with the operation of the duopigatron ion source have been encountered 
during TTF experiments. The problems observed included filament contamination (indicated 
by a satiny black coating after operation), fai lure of the source to re-start after a 
high voltage breakdown (HVB), reduced ion source efficiency (low ion currents for a 
given arc current), and damage to the source electrodes by secondary electrons streaming 
back from the accelerating region of the TTF into the ion source. An extensive series 
of experiments using the ion source test stand and a new mass spectrometer test stand 
were carried out in order to isolate each of the d i f f i cu l t ies and to search for 
procedures or changes to eliminate the problems. 

Scanning Auger surface analysis of the black coating on the filaments determined 
that the f i lm was carbon with a trace amount of sulfur. Operating the ion source (and 
the filament) with a gas f*ed containing a few percent of a i r did not blacken the 
filament; however, operation in a gas feed containing CO.- re-produced the satiny 
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black coating. This latter result substantiated the hypothesis that the free carbon 
contamination was generated by the reduction on the Pt surface of C0 2 eluded during 
activatiGn of the oxide filament. Further experimentation showed that the blackening 
could be minimized by activating the filaments to higher temperatures. In particular, 
thy oxide filaments should be activated to 28A instead of the previously used 24A to 
completely remove CQ2. 

In addition to the carbon coating on the filaments, there were areas that were 
discolored a "mud brown" color. The exact source of this discoloration is not known 
but it has been determined that it is caused by the intermediate electrode (IE). Also, 
this discoloration and/or the carbon coating often lead to deactivation of the 
filament and the ion source would then not re-start after an HVB or a shut down. In 
order to minimize the filament deactivation and discoloration, it was found best to 
activate the filaments outside of the ion source. Prevention of filament contamination 
minimizes the source re-start difficulties. 

The loss in ion source efficiency has proven to be a very complex problem. The 
cause of the difficulty is in the intermediate electrode/filament assembly. This was 
determined by systematically interchanging the source components (i.e., IE, anode, 
cathode holder, secondary cathode and ceramic spacers, see Fig. 9). Certain 
"contaminated1' IE's reduced the ion current by more than <D mA for a given arc 
current. For example, at an arc current of ?0A a good IE produced an ion current 
of 163 mA compared with a bad IE that yielded a current of 111 mA. The source of 
the contaminates is helieved to be due in part to the activation of the filaments 
inside the IE. Hence external activation has a two-fold purpose, the minimization 
of both filament and IE contamination. In addition, there appears to be a slight 
reduction in efficiency if a Ho cap is brazed to the tip of the IE. However, the 
need to prevent damage to the IE may require the use of the Mo piece. 

In order to minimize electrode damage due to secondary electrons streaming 
back from the accelerating region of the TTF into the ion source, larger electrode 
apertures were required. Therefore, the ion source performance characteristics 
consisting of total ion current, ion energy and mass distribution, and ion current 
density distributions were measured as a function of the aperture size of the IE, 
anode and secondary cathode. The experimental techniques employed were the same as 
those previously described 6' 1 0* 1 1 and 1n particular the source described as Model 5 
in Ref. 6 was used as the basis for comparison. In addition, measurements 
were made for both Mo and BN secondary cathodes. 
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Fig. 9. Schematic Drawing of the Duopigatron Ion Source. 

In order to simplify the description of the source configurations, the original 
(small) aperture diameters are designated "S" and the Model 5 source becomes SSS to 
indicate an IE diameter of 6.4 mm an anode diameter of 7.1 .nm and a secondary cathode 
diameter of 7.1 mm. Apertures of >.5 mm are designated "I" and the 12.7 mm apertures, 
"L". A source with a 6.4 mm IE, a 9.5 mm anode and a 12,7 mm secondary cathode becomes 
SIL. A summary of the operating conditions requir i to produce a 200 mA beam is given 
in Table II. With the exception of two configurations, a 200 mA beam could be produced 
using arc currents less than 20A and at gas flow rates compat.ble with the TTF pumping 
speed. In addition, a BN secondary cathode is seen to yield a more efficient source 
operating at ca. twenty percent less power than the corresponding sources with a Mo 
secondary cathode. The peak in the energy distributions for all three deuterium ion 
constituents occurred approximately 15 V below anode potential (see Fig. 10 for a 
comparison of two representative configurations). 
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Table II. Sumnary of Experimental Data Obtained on Duopigatron 
Designs with Various Electrode Apertures 

Secondary . . 
Configuration* P s(Pa) F(sccm) V A(V) I A(A) Cathode I (mA) D (%) 

sss 9.3 11.5 85 20.0 Ho 177 55 
sss 9.3 12.9 79 20.0 BN 198 69 
SSI 9.3 14.0 73 20.0 Mo 220 58 
SSI not 

measured 12.0 80 14.0 BN 199 57 
SSL 7.0 15.6 73 20.0 Ho 205 56 
SSL not 

measured 14.0 79 14.5 BN 200 53 
SIL 6.4 12.5 84 9.0 Ho 202 52 
SIL 6.4 12.5 73 9.0 BN 200 51 
SLL 6.4 13.5 84 8.0 Mo 198 55 
SLL 6.4 14.0 84 7.0 BN 203 55 
ILL 4.5 11.5 80 9.5 Mo 200 61 
ILL 4.5 15.0 80 8.0 BN 199 58 
LLL 3.5 15.C 80 10.0 Mo 200 55 
LLL 3.5 14.0 80 8.5 BN 200 62 
ISS 5.1 9.0 83 20.0 BN 145 52 
ILL 4.1 14.0 77 9.0 BN 200 54 
IIL 4.7 14.0 73 13.0 BN 202 52 
LIL 3.9 14.0 71 14.5 BN 202 54 

-See text for definition of S.I.L, 
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Fig. 10. Ion energy distributions relative to cathode potential (ground) for two 
duopigatron configurations. P is source pressure, F is feed gas flow rate, 
Vft is arc voltage, Ifl is arc current and 1+ the total ion current. 
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An important requirement for any new source configuration was that the current 
density profiles remain as "flat" as the SSS version- That is the current density 
near the plasma expansion cup wall at the exit plane (Z=0 in fig. 9) should be at 
least 80 percent of the center line density. For all of the designs tested this 
requirement was met and a summary of several of the designs is presented in Fig. 11. 

The configuration that appears the most satisfactory is the IIL with a BN 
secondary cathode. This efficient source produces a 200 mA ion beam at 13A and has 
a flat current density profile. Experimental data for this configuration are shown 
in Fig. 12. This design distributes the secondary electron power among the anode, 
IE and a beam catcher attached to the filament support holder without damaging any 
of these electrodes. In addition, the IE aperture 1s sufficiently small to shield 
the filament from damage but at the same time is large enough not to intercept enough 
secondary electron power to be melted. 

In order to determine the contaminant levels of the ion beam by heavy ionic 
species sources were tested in the new mass spectrometer test stand. The experimental 
arrangement is analagous to previous work, 3 with the important exception that the 
quadrupole mass spectrometer has been moved closer to the ion source. The sensitivity 
of the analysis has been improved from 20 PPM to 5 PPM and isotopes of Fe and Cu 
are now resolvable. As of the writing of this report, complete testing has not 
been finished and the results presented should be regarded as preliminary. 

The major source of very heavy impurities is the Fe expansion cup. Only trace 
amounts of Fe can be attributed to the IE. Also, at a fixed arc current the amount 
of heavy metal ions is a strong function of magentic field. For example, decreasing 
the magnetic current from its usual value of 2A to 1A reduced the Fe and Cu components 
from 0.009% and 0.004S to 0.0022 and 0.0004% respectively. Some S r + + from a newly dipped 
and activated oxide filament was initially observed but became undetected after a few 
hours of operation. The major source of contaminants remains (as also noted ir. Ref.3). 
The "best" results for the 11L source are reportea 1n Table 111. 

Future luopigatron experiments will include obtaining the impurity ion spectrum 
for the source operation with dispenser cathodes as opposed to oxide coated filaments. 
Also, the alumina spacers will be replaced with ribbed alumina spacers or pyrex 
spacers to investigate the role of these types of surfaces on impurity production. 
(The pyrex spacers will also permit a qualitative optical spectra analyses.) In 
view of recently obtained focussing Improvements using reduced magnet current (see 
Section Il-C), the source characteristics will be measured as a function of magnetic 
field strength. 
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Fig. 11. Current density distributions in the exit plane (Z=0) of the 
plastK cup for several representative configurations tested. 
See Fig. 10 for nomenclature. 
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Table III. Ion Beam Impurities on a Duopigatron lor 
After Several Hours of Operation 

ra/e Species Percent 

11 B+ 0.004 

12 C+ 0.03 

14 CD* 0.04 

IS 0*, CD2

+ 0.17 

IB D0+, CD3

+ 0.16 

20 D 20 + , CD,+ 0.22 

22 D 30 + , CD5

+ 0.03 

28 C0+, N 2

+ , Fe + + 0.004 

56 Fe+ 0.0016 

Contaminant Total = 0.7% 
(a) Source configurator! IIL with a BN Secondary Cathode. 



B. Cusp field Source 
Cusp field gas discharge ion sources 1 2 are of particular interest for use in the 

TTF. These sources are noted for stable operation, flat current density profiles 
and much lower operating pressures. The low operating pressure presents the intriguing 
possibility of incorporating this type of source into an unpumped facility. 

Preliminary experiments will investigate two cusp designs. The first will be a 
modification of the Berkeley mutlifilament source that was tested in our laboratory.11 

The modification is the addition of radial magnets located around the surfaces designated 
floating electrodes in Ref. 11. Careful attention will be paid to the effect of the 
addition of the cusp fields on the percent of D in the ion beam. Previously, this 
source produced unsatisfactorily low levels of D -

The second source to be tested (see Fig- 13) is based on the Los Alamos 
configuration.13 This source consists of a 32 mm stainless steel cube surrounded 
on 5 sides by ceramic magnets inserted in water cooled copper blocks. The plasma will 
be analyzed using hot wife probes inserted directly into the cube and at the exit 
aperture. Experiments will be designed to maximize D content and minimize source 
operating pressure. 

IV. ULTRA-HIGH VACUUM NEUTRON TUBE OESIGil 

An ultra high vacuum version of tne cancer therapy neutron tube has been designed 
and the required components are being fabr .ated, A schematic diagram of the ion 
source and accelerator sections of the tune is shown in Fig. 14. The ion source 
is an ultra high vacuum version of a duopigatron. The accelerator consists of a single 
stage 20 mm accelerator gap. The critical components shown are the focus electrode, 
extractor electrode, and neutralizing electrode. Figure 15 shows what the experimental 
UHV closed cycle generator will look liKe. 
A. Ion Source 

The ultra high vacuum ion source is completely enclosed in an aluminum coolant 
bucket through which chilled fluorinert will be circulated to dissipate the exce; . ion 
source heat. At the top of the ion source is a combination filament holder and heam 
catcher, consisting of a copper block brazed into a 85.7 mm ultra high vacuum flange. 
As in the beam catcher mentioned in an earlier section of this report, a tapered coaxial 
hole is drilled into the copper block to dissipate the energy of the secondary electrons 
generated in the accelerator section of the tube. The copper block also holds the 
bakeable ceramic filament feedthroughs. 
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Fig. 13. Schematic drawing of the cusp field.ion source. 



•C0OIA3T 9L>C!tr" 

"SEPST-™ 

-AHODt 

9N St'.'asEM* ;s--c: 

MOLLV3:EMJN r :cus 

SHIELD 

HV INSULATOR 

EXTRACTOR JUISE 

ALUMINA INSULATORS 

rig. 14, An assembly drawing of the ion source and accelerator sections 
of the ultra-high vacuum version of the neutron tube. 



VIEWING PORT 

ION SOURCE SHROUD 

J-

- HV INSULATOR 

U . TARGET CHAMBER 

NEUTRON GENERATOR 

Fig. 15. Schematic layout of the fully assembled UHV neutron tube. 



An important part of the ion source is the iron intermediate electrode, which 
is shown brazed to a copper coolant plate. A 85.7 mm flange is brazed to the top of 
the intermediate electrode to mate with the filament holder flange. The required 
electro-magnet coil was designed to fit over and around the intermediate electrode. 
The current design calls for the gas feed line to be brought through the intermediate 
electrode below the magnet coil. This was done to facilitate coil removal for the 
necessary 450°C bakeout. 

Within the intermediate electrode is the filament. It is presently anticipated 
that the dispenser type cathode, a commercially available BaO impregnated tungsten 
filament, will be used. Several designs are being considered. One will use a single 
large filament as shown in Fig. 14. An alternative design will use several small 
cathodes arranged symmetrically around the axis. Since the exact lifetime of the 
filament is not yet known, the latter design could provide an added degree of 
reliability by providing additional filaments jji situ in the event of a failure. 

Next is the anode. At present, it is made of copper, and is cooled by physical 
contact with a copper plate immersed in the fluorinert coolant. The anode is 
removable to provide some flexability in the design configuration. The design requires 
that the anode be capable of absorbing and dissipating some of the energy from the 
secondary electron beam. 

Below the BH secondary cathode is an iron plasma expansion cup. A molybdenum 
focus electrode is screwed to the iron expansion cup which is attached to a cooled 
copper support plate. 

The entire ion source is brazed together using ultra high vacuum brazing 
techniques with alumina insulators to provide electrode separation. The insulators 
are not directly exposed to the arc plasma. Instead, removable insulators, as shown 
in Fig. 14, are located within the brazed insulators and are physically trapped 
between the intermediate electrode and the anode, and between the anode and secondary 
cathode respectively. This demountable feature permits cleaning or replacement 
with other types of insulator materials. 

At the present time, the aperture configuration of the ion source calls for a 
9.5 mm aperture in the intermediate electrode, a 9.5 mm aperture in the anode, and a 
12.7 mm aperture in the BN secondary cathode and plasma expansion cup. It has been 
found that this configuration provides a good focus capability and an efficient ion 
source operation. An alternative to the molybdenum focus electrode shown has been 
designed by J. E, Boers, using a computer code SNOW,9 which appears to give a better 
focusing characteristic than the one shown. It is anticipated that focus electrode 
will be used. 
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The entire ion source assembly is brazed into a 254 mm diameter stainless steel 
conflat flange to provide a UHV seal to the accelerator section. 
B. Accelerator 

The accelerator section of the neutron tube consists of a single 20 mm acceleration 
gap between the field shaping electrodes separated by the high voltage insulator. At 
the top of the accelerator, e shield electrode is fastened which prevents secondary 
electron damage to the high voltage insulator itself. It may also prevent or limit 
x-ray damage or x-ray initiation of insulator flashover type breakdowns. 

Within the shield* the extractor electrode, consisting of a molybdenum cap having 
a 12.7 mm aperture, is attached to a stainless steel tube. Within the extractor 
electrode is a neutralizing electrode, designed to be centered under the extractor cap, 
which provides the necessary retarding potential for electrot.s generated by the ion 
beam. The electrons, thus trapped below the extractor, effectively neutralize the space 
charge of the ion beam thereby limiting the beam divergence. The extractor electrode 
tube is inserted into the extractor guide, which in turn in mounted on alumina ceramic 
insulator separating it from the base of the accelerator. The guide is designed to be 
positioned on the insulators to provide concentric alignment with the ion source. In 
a similiar manner, the neutralizing electrode tube is mounted and separated from the 
extractor electrode by alumina insulators which allow the same freedom of positioning 
for concentricity, "scause of the design of the e tractor and neutralizing electrode 
supports, the gap can be easily adjusted by placii ; spacers between the base of the 
extractor electrode and the extractor guide. Witt- these factors, this design should 
provide a maximum degree of flexibility for determing the optimum accelerator 
configuration. 

The high voltage insulator is a 200 mm diameter Re-X glass ceramic. At the 
present time it is not segmented. However, if surface flashover are found to be a 
significant problem, a segmented version described in Section V will be investigated. 
Figure 15 shows a complete schematic of the proposed neutron generators. The ion beam 
will be transported 0.9 m from the accelerator gap to the target. The ion source will 
be enclosed in a dome shaped ion source shroud to : imit the effects of corona, and the 
high voltage insulator will be enclosed in a plexiclass SFfi tank to prevent external 
HVB's. A drift chamber below the accelerator sect in will contain the necessary 
instrumentation and pumping apparatus. Getter pum manufactured by Westinghouse 
or SAES will be used to act as both pumps and reservoirs for the deuterium gas. The 
target chamber will consist of a commercial 254 mn- tee adapted for the target 
experiments. Initial tests will be made using the mdwich target design described 
previously.1*2 Other target designs will be conskered, including a moveable target 
and special contoured targets for increased target lifetime. The entire neutron tube 
will be bakeable at 450°C to provide the required i.tra hiyh vacjum conditions. 



A suitable closed cycle gas supply system for the ion source is currently being 
investigated. Since the duopigatron ion source requires a continious gas flew of 
^20 STPcc/m, it may be necessary to locate the gas reservoir and gas flow controllers 
within the ion source shroud. This may complicate the control circuitry since they 
will then be at high voltage. On the other hand, if the gas supply and control system 
can be placed at ground potential, they could be easily controlled. However, the 
latter design requires a special alumina gasline designed to hold off the 200 kV 
operating voltage with internal gas pressures as high as 70 m Torr. A mock-up of 
this design will be tested shortly. If this gas supply cannot be handled *rom ground 
potential, the former design will be pursued. 

V. SEGMENTED HIGH VOLTAGE INSULATOR 

A 350 mm diameter segmented insulator may be necessary to achieve the high voltage 
reliability needed for hospital operation of a neutron tube. Surface flashover of 
the straight-wall, 200 mm diameter insulator that is now being used has been a problem. 
The larger, segmented insulator will be an improvement because the fields are more 
uniformly graded along the insulator wall and, with the larger diameter, the fields 
can be shaped so that the probability of surface flashover is reduced. A program 
to build a glass-ceramic insulator is now underway in the glass-ceramic shop. Stress 
calculations indicate that the residual stresses due to manufacturing the present 
design should not cause cracking of the glass-ceramic. Molds for the insulator are 
now being designed. The first insulator build should be completed this summer. 

VI. TARGET PHYSICS STUDIES AT 40 keV 

Operation of the intense neutron source target in a dynamic equilibrium mode 
necessitates that the hydride film be maintained within certain temperature limits.14* 
These limits are dependent on the ion beam energy and composition, the current density 
on the target, and the composition of the target film. Under this mode of operation 
(1) the film is hypothesized to remain stable in the dihydride phase and (2) beam 
implanted hydrogen isotopes are expected to be released from the film at the implant 
rate. These conditions in turn depend on characteristics of the hydride film under 
high current density ion bombardment; namely, upon (1) the high temperature hydride 
dissociation limits and (2) the hydrogen isotope mobilities. These characteristics 
along with the effects of surface oxidation and beam implanted impurities are the 
subject of investigations on a 40/keV Target Physics Accelerator (TPA). 5 

Although the gross thermal dissociation prediction of the dynamic equilibrium model 
has been verified for scandium films under low current density bombardment,15 the 
subtle current density dependence of this dissociation has not been observed. During 
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the past year several attempts have been made at observing this effect using a 
thermal ramping technique. These attempts have not been successful due to difficulties 
In producing a thermal ramp which is reproducible under varying bombardment conditions. 
An alternative approach, using the sensitivity of dynamic deuterium pressure analysis 
rather than target yield, is under investigation. 

The bulk of the work on the TPA during the past year has been aimed at measurinq the 
deuterium diffusion. Typically, diffusion measurements have been made on bulk 
samples, in which grain size can play an important role. There is little information 
about diffusion in granular films, particularly those of interest for neutron source 
targets. Permeation and outgassing measurements are frequently dominated by surface 
effects and beam-enhanced mobilities in targets are only hypothesized. A theory has 
been developed wherein the effective diffusion normal to the surface can be measured 
in both the ion-damaged and unpenetrated regions of a film by merely observing the 
temporal development of the near-surface deuterium concentration. The technique is 
not sensitive to artifical surface permeation barriers and provides data near the 
temperature range of interest. The TPA system is ideally suited to these measurements 
in terms of instrumentation for dynamic near-surface concentration measurement and 
outgassing sensitivity. A specially designed sample holder has been added for these 
measurements to improve target temperature control during bombardment transients. 
Other recent modifications include improvements to beam collimation, current measurement, 
and data multiplexing. A second ion lens has been added which increases the obtainable 
current density to 2 mA/cm2. 

A typical diffusion measurement is shown in Fig. 16. Here, the average deuterium-
to-scandium ratio in the near-surface are* is plotted (+) as a function of time, 
starting with a fully-outgassed, 0.515 urn thick film. This ratio was deduced from the 
40 keV D(d,p)T yield using the titanium calculations of Shope. 3 6 The target temperature 
was maintained at 12±1°C while deuterion bombarded with a current density of 0.48 mA/cm2. 
No implanted deuterium escaped the target during this measurement, as indicated by 
deuterium partial pressure analysis in the target chamber. 

The solid curves in Fig. 16 show the temporal development of this D/Sc ratio 
predicted from a solution to the one-dimensional diffusion equation with a source term 
and impermeable boundaries. The only adjustable parameter in this solution is the 
diffusion coefficient, D. Clearly, the first part of the data is accurately fit using 
D = 3 x 10" 1 2 cm 2/s. However, when the concentration reaches D/ScasO.3, a sharp 
deviation occurs. This is believed to be due to the creation of the hydride phase 
near the deuteron's end-of-range. Continued bombardment causes the phase front to 
proceed toward the surface region, increasing the average D/Sc ratio. The modeling 
of this behavior is under development. The measurement shown in Tig 16 is thus for 
the solid solution (a) phase rather than the hydride phase. The latter can be 
investigated by preloading the target film with protium. These studies are in progress. 
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Measured diffusion coefficients for the i-phase as a function of temperature 
are plotted in f i g . 17. Also shown, by the solid l ine, are the results of Weaver's 
measures :ts in bulk, powdered scandium.17 The f i lm and bulk data agree for 
temperatures above about 150"C. Below th i s , however, d i f fus iv i t ies in the f i lm 
can be substantially greater than in the bulk. Experiments are underway to 
determine whether this difference is due to inherent f i lm structure effects or ion 
damage enhancement. 
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Fig. 17. Measured deuterium d i f f us i t l v i t y in a-phase scandium 
films as a function of temperature. Deviation from 
the bulk Arrhenius behavior of Weaver6 occurs for 
temperatures below 150°C. 
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VI. SUTWARY OF FUTURE PLANS 

Testing the ultra-high vacuum (UHV) neutron tube for neutron output, target life
time *nd high voltage reliability should commence in June, 1980. Initial tests will 
begin usinn the UHV accelerator attached to the target chamber (lower chamber in Fig. 1) 
so that dynamic deuterium concentration depth profiles measurements can be made. 
Following these tests, the target chamber in Fig. 15 will replace the target test 
chamber for further testing. Special target designs will be tested using this facility. 

In parallel with the UHV tube tests, the multi-cusp magnetic field ion source will 
be evaluated for low pressure operation. As the operating and geometrical parameters 
of this source are better defined, a UHV model of the source will be designed and 
constructed for test on the UHV tube. The 350 mm diameter segmented insulator is 
scheduled for completion later this summer; when available, it will be evaluated on 
the UHV tube. By the end of the grant period, (June 1, 1981) a Hod II UHV tube should 
have evolved that will incorporate any improvements identified in the abcve tests. 
This tube should be designed with the idea of packaging it in a container that would 
eventually be operated inside a rotable neutron shield/collimator. 

Experiments applicable to the intense neutron source will be continued on the 40 kV 
accelerator to determine the diffusion parameters of deuterium and impurities in the 
target film. Models of the behavior are presently being developed. 
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