
LA-UR-95-3091 

COPf-teWX-l 

Title: 

« 

d 
89 
Q 

P 
it 

I s 

us 
Hi" 

8 3 2. 

i!*iJ 
tiff 
° o S 3 e 

£<§ 

Is 
»s 

° o =5 

•: * * s 

8 II 

& § c 

II 
a s 

"I _ S c 

8 £ s 

5 3 

O 

a-r 
3 «"8 • c 

& g t3 2 g 
^ 3 *" S K 

>> t. o o 
<" fe "> Ti 

J2 o s « ° 
ni n i/i A „ 

c .. o 2 ^ 
B S T ! » 
. £ S e S 

1-2 -J3.S 
P..3 8 « g 
4> JD O. 4> C 

.5 _ BO 

o ££ rt 

li o 
O 

o S 8 

"a 

E § 

Author(s): 

Submitted to: 

DISTRIBUTION OF THIS DOCUMENT IS UNLIM, 

Los Alamos 
NATIONAL LABORATO 

Microwave Proton Source Development for a 
High-Current Linac Injector 

J. D. Sherman, G. 0 . Bolme, C. Geisik, J. D. Gilpatrick, L 
D. Hansborough, D. J. Hodgkins, P. D. Lara, E. A. Meyer, 
J. F. Power, C. R. Rose, D. P. Sandoval, P. Schafstall, 
J. D. Schneider, M. W. Stettler, R. R. Stevens, Jr., M. E. 
Thuot, R. M. Wright, and T. J. Zaugg, LANL 
D. Spence and G. E. McMichael, ANL, T. Taylor, CRL 

1995 International Conference on Ion Sources, Review of 
Scientific Instruments 
September 10-16, 1995 
Whistler, B.C., Canada 

fee s.l A a $ 111 iil 4<W 6 S Gaa 

Los Alamos National Laboratory, an affirmative action/equal opportunity employer. Is operated by the University of California for the U.S. Department of Energy 
under contract W-7405-ENG-36. By acceptance ol this article, the publisher recognizes that the U.S. Government retains a nonexclusive, royalty-free license to 
publish or reproduce the published form of this contribution, or to allow others to do so, for U.S. Government purposes. The Los Alamos National Laboratory 
requests that the publisher Identify this article as work performed under the auspices of the U.S. Department of Energy. 

. fci_ n*\& P i r 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



Microwave Proton Source Development for a High-Current Linac Injector.* 
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Powerful CW proton linear accelerators (100-mA at 0.5 - 1.0 GeV) are being proposed for 
spallation neutron-source applications. A 75-keV, 110-mA dc proton injector using a microwave 
ion source is being tested for these applications. It has achieved 80-keV, 110-mA hydrogen-ion-
beam operation. Video and dc beam-current toroid diagnostics are operational, and an EPICS 
control system is also operational on the 75-keV injector. A technical base development program 
has also been carried out on a 50-keV injector obtained from Chalk River Laboratories, and it 
includes low-energy beam transport studies, ion source lifetime tests, and proton-fraction 
enhancement studies. Technical base results and the present status of the 75-keV injector will be 
presented. 

•Work performed under the auspices of the U. S. DOE 



I. Introduction. 

High-current CW1 and pulsed2 linear accelerators (linacs) are being proposed for drivers of 
spallation neutron sources. These devices have applications in material sciences and in the 
emerging field of Accelerator-Driven Transmutation Technologies (ADTT). A Los Alamos 
proposal would build a 40-MeV, 100-mA CW proton accelerator to demonstrate feasibility of 
the linear accelerator concept. Figure 1 shows the major subsystems of this proposal: a 110-mA 
proton injector, a radio-frequency quadrupole (RFQ) to bunch and accelerate the dc injector 
beam, and two sections of the new coupled-cavity drift-tube linac structure. 

H+ Injector 

\ 350 MHz 

Beam 
Diagnostics 

700 MHz 700 MHz 
RFQ - CCDTL1 - CCDTL2 L Expander 

00 mA \ 

Beam Stop 
75 keV 7 MeV 20MeV 40 MeV 

Fig. 1. A CW linear accelerator proposal to test the low-energy section of a ADTT-type linac. 

This paper addresses the proton source and low-energy beam transport (LEBT) studies at 
Los Alamos that comprise the technical basis for the 75-keV injector. This injector uses the 
microwave proton source5 developed at Chalk River Laboratories (CRL), and a two-solenoid 
magnet focusing system6 for matching the extracted proton beam into the RFQ. 

A research program based on the 50-keV injector brought from CRL to Los Alamos is 
reviewed in section n. Beam perveances from this injector (70 mA at 50 keV) are similar to the 
perveances from the new 75-keV injector (130 mA at 75 keV); therefore low-energy beam 
development on the CRL injector is worthwhile. Fifty-keV proton-beam emittance growth and 
space-charge neutralization for transport through a single-solenoid LEBT is discussed. A method 
for enhancing the microwave ion source proton fraction to 92% with 400 - 600 W discharge 
power is reported. Finally a longevity and reliability test on the microwave ion source was 
completed, and this will be discussed in relation to the 75-keV injector. 

Section HI reports on the application of the microwave proton source to the new injector 
where requirements and design are summarized. The first beam operation is reported, and a non-
interceptive beam profile and divergence measurements with a CCD camera are discussed. 

II. Technical Base Development with the CRL 50-keV Injector 

Table 1 summarizes the microwave ion source parameters and LEBT measurements for the 
50-keV proton injector. Figure 2 shows a schematic representation of the single-solenoid LEBT8 

with the dc emittance measuring unit (EMU)9 attached. All work reported in section II used this 
setup. The ion source emittance (no LEBT) was measured at CRL, and is included here for 
comparison purposes. All measurements used a dc beam. 



Table 1. Summary of typical ion source and LEBT operating parameters for the 50-keV injector. 

Beam Current, L, (mA) 
Beam Energy, U (keV) 
Discharge Power (W), Frequency 
(GHz) 
Axial Magnetic Field (G) 
Duty Factor (%) 
Gas Flow (seem) 
Emission Radius, re (mm) 
Extraction Gap, d (mm) 
Proton Fraction 
Beam Noise (%) 
Ion Source Emittance5 (jtmm-mrad) 
CCj 

Pi (mm/mrad) 
LEBT Exit Emittance (jemm-mrad) 

40-77 
40-50 
400 - 600, 2.45 

920 
100, (dc) 
1-3 
2.5 
7.0 
0.75 - 0.92 
±1 
0.11, (rms, normalized) 
0.37 ±0.16 
0.15 ±0.03 
0.19, (rms, normalized) 

Accel Beam Box 
Col umn RGA, dc Beam Stop 

Ion dc Current 
Source Toroid 

O • 

• • 

Focus 
Solenoid 

11.8 

Transport Length (cm) 

Emittance Measuring Unit 

Entrance 
Slit 

Collect or 
s l i t 

165 50 

£ 

0 
x (cm) 

Fig. 2. The 50-keV injector with emittance measuring unit attached. The calculated beam 
envelope and phase space ellipse is shown below for 100 A solenoid current. 



A. LEBT measurements at 50 keV 

1. LEBT emittance growth 
The first 50-keV LEBT emittance measurements have been reported. A typical measured 

(x,x') phase-space distribution is shown in Fig. 3(A) where the predominant proton fraction and 
the less-well focused H 2

+ and H 3

+ species are evident. The hydrogen-ion beam current is 
typically 65 - 75 mA. The measured proton fraction is 75% while the H 2

+ (17%) and H 3

+ (8%) 
species comprise the remaining species. 
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Fig. 3. A). Measured phase-space distribution for a 50-keV, 65-mA hydrogen-ion beam with the 
LEBT focus solenoid excited to 102 A. (B) The data in Fig. 3(A) has had the H 2

+ and H 3

+ 

components edited out, and reanalyzed as described in the text. 

The proton rms normalized emittances as a function of the LEBT focusing solenoid current 
are shown in Fig. 4. Hydrogen-ion beam current is 65 mA. The crosses and triangles represent 
results from a procedure to extract proton emittances from the measured distributions by use of a 
Gaussian emittance model:11 



F(eH-expK8(Fy20] (1) 
where F = beam fraction, e(F) is the lab emittance at F, and Enns is the laboratory rms emittance. 
Measured laboratory emittances at F = 0.9 and 0.75 are analyzed using Eq. (1), and the resulting 
proton rms emittances are shown in Fig. 4. This procedure was checked by removing the H2 
and H 3

+ components from the phase-space file yielding the modified distribution shown in Fig. 3 
(B). Two modified distributions at 100 and 120 A solenoid focusing strengths were reanalyzed, 
and the rms emittance extracted without resort to the extrapolation procedure. The results are 
shown as solid dots in Fig. 4, and agree with the extrapolation procedure. 

L. 

E 
1 

E 
E t= >_/ 
0) o c re 

E 
in 
•o 
V 
N 
15 
E 
o z 
(/> 
E 

0.25 

0.20 

0.15 

0.10 

0.05 

0.00 

1 1 1 1 1 
• +

 
+ 

A 

i 
t 
A 
A 

A 

i 
A 
A 

* 
1 

+ 
A 
• 

F = 0.90 
F = 0.75 
Modified phase space 

• 

50 keV, 65 mA 
• 

• 

90 100 110 120 

Solenoid Current (A) 

130 

Fig. 4. Measured rms proton emittances from the single-solenoid LEBT. The procedure for 
extracting the proton emittances is described in the text. 

The laboratory emittance at F = 0.9 averaged over solenoid focusing currents from 90 to 
120 A is 86 (7tmm-mrad). The solenoid excitation range is required to be > 90 A to collect all 
beam in the EMU, and limited to <, 120 A to keep the EMU dc power loading < 1 kW/cm.2 

Using eq. (1), the laboratory emittance corresponds to an rms normalized emittance of 0.19 
(Timm-mrad), suggesting a LEBT emittance growth = 0.19/0.11 = 1.73. The ion-source-only 
emittance of 0.11 (j[mm-mrad) is from ref. 5 for the ion-extraction system given in Table 1. 

Several beam-dynamics calculations were undertaken to identify possible LEBT emittance-
growth mechanisms. Current oscillations in a LEBT may cause an effective beam emittance 
increase ' which would be recorded in the EMU. The microwave proton source is tuned to 
reduce current fluctuations to approximately ±1%. Using the TRACE code,14 and the ion 
source (Oj,pj) parameters listed in Table 1, (ctf,pf) were calculated at the EMU with ±0.2 - ±1.0% 
effective current oscillations.13 Mismatch factors ranged from 0.08 to 0.55, giving an effective 



emittance increase of 1.08 to 1.55. A typical beam envelope result from TRACE is shown in Fig. 
2 for 100 A solenoid current. Chromatic aberrations, also calculated from mismatch 
considerations, yield a possible 5% emittance growth. This aberration is based on ±0.4% high-
voltage power supply regulation. 

The higher-order ray-tracing code SCHAR10'15 was used to trace a particle distribution based 
on the Table 1 (ai,P0 parameters through the single-solenoid LEBT. The measured solenoid 
magnetic field is input to these calculations, and the code also takes residual beam space-charge 
into account. Beam space-charge neutralization considerations (see below) indicate that the 
effective beam current, Ieff, is 1 mA. SCHAR predicts a 20% emittance growth when both the 
measured magnetic field and Ieff are included. Beam-transport emittance-growth considerations 
thus provide a feasible explanation for the emittance growth observed between the LEBT results 
shown in Fig. 4 and the ion source only emittance. 

2. Beam space-charge neutralization 

The potential across the unneutralized 50-keV, 65-mA hydrogen ion beam is A§ = Ij>/2/p = 
190V where lb = beam current = .065A, R - l/(47ceoc) = 30 Q, and P = relativistic velocity = 
0.0103. The beam positive-ion space charge is neutralized by electrons produced by beam 
ionization of the background gas1 6 and secondary electrons produced by beam interactions with 
boundaries.17 The beam achieves space-charge neutralization by background gas ionization in the 
time T„ - (ngcrev+)"1 = 10 jxs, where n g = background gas density = 2 X 101 2 (cm)"3, a e = cross 
section for electron production = 2X10" (cm), and v = beam velocity = 3X10 cm/s. Beam-
current oscillations with frequencies greater than 100 kHz would not be completely neutralized 
by the background gas ionization mechanism. 

L.fr was estimated by using the TRACE code to trace the measured phase-space distributions 
to the ion-source emission aperture from the EMU. The 90% beam fraction data are used. 
Figure 5 shows a plot of the envelope beam size versus the TRACE Ieff for four current settings 
of the LEBT solenoid. All the calculations indicate a minimum size close to the 2.5-mm ion 
source aperture radius at lefr = 1 mA. The neutralized beam space-charge potential18 Atyn is 
related to the effective beam current by A<))n = (Lji/Ib)A<|) = 3 V. This value of A$D agrees with that 
calculated from the gas ionization model.16 These reversed trajectory calculations also give the 
ion source (Oi,Pi) and their errors that are listed in Table 1. 

A fraction of the proton beam is converted to fast neutrals by the proton picking up an 
electron from the hydrogen background gas with the cross section do = 1.8 X 10'1 6 cm2. For the 
LEBT length L = 165 cm, the surviving proton beam current = I = Ibexp(-ngCioL) = 0.96Ib. 
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Fig. 5. Projection of the measured phase-space distributions from Fig. 4 to the ion source 
emission aperture. The results are plotted as the envelope size versus the TRACE effective 
current. The emission aperture radius is 2.5 mm. The solid line is drawn to guide the eye. 

B. Enhanced proton fraction development 

Various methods have been developed to enhance the proton fraction available from a plasma 
. ion source. One of these uses a dipole field within a cusped-field ion source. For the 
microwave source it is easier to introduce a trace background gas ' which can increase the 
proton yield. Beam fraction is measured by magnetically dispersing a 0.15 mm slice of the 
hydrogen ion beam using a dipole with a ramped current supply. The EMU collector slit-
Faraday cup assembly then senses currents proportional to the ion species as a function of time. 
Calibration indicates the spectrometer range includes singly-charged ions up to mass 50. 

Figure 6 shows beam fraction measurements for a 40-keV, 40-mA beam extracted from the 
microwave source, operating at 500 W of 2.45 GHz microwave power. Part (A) shows the 
hydrogen ion species before the addition of trace amounts of water. Part (B) shows that after 
introduction of water to the hydrogen plasma discharge the proton fraction increases from 84 to 
92%. The H2* fraction decreases from 13 to 6%, a H 3

+ peak is no longer evident, and a heavy 
mass peak appears in the 10 - 20 amu range. Amplitude of the heavy mass peak is sensitive to 
the location of the main slit, and its position was set to maximize the collection of the heavy ions. 
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* 112A 
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This presents the proton enhancement effect in the most conservative way. Beam fraction also 
depends on the 2.45 GHz power.23 
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Fig. 6. Hydrogen-ion beam fraction measurements for (A) H 2 gas only in the discharge, and (B) 
H 2 plus trace amount H 2 0 in the discharge. 

The proton beam fraction was measured as a function of water (%) as determined by a 
residual gas analyzer (RGA) located in the downstream beam box (Fig. 2). The proton fraction is 
maximum at 92% with about 1% water; higher water vapor concentrations cause an increasing 
heavy-ion fraction. The magnet analyzer calibration and RGA measurements indicate the heavy 
ion is most likely N + . There is no indication of the H 3

+ ion after the addition of water vapor. 
The disappearance of the H3+ species comes about because of its quadratic dependence on the H 2 

21 24-26 partial pressure. The increased proton fraction is thought to result from a surface effect, 
that decreases the surface recombination of atomic hydrogen resulting in larger plasma atomic 
hydrogen density. A companion paper at this conference addresses the enhanced proton fraction 
work in detail. 

C. Longevity and reliability test 

The CW linac programs1 require an injector availability greater than 98% for at least one 
week with no servicing. A beam-on test was performed at Los Alamos where a 47-keV, 65-mA 
dc hydrogen-ion beam was maintained continuously for 170 hours. The ion source was run with 
570 W discharge power, which gave an 83% proton fraction. No water vapor was introduced to 
the discharge. The 3-kW beam power was dumped on a dc beam stop located in the LEBT beam 
box. Figure 7 shows the beam availability defined as the 47-keV beam-on time divided by the 
elapsed time. At 170 hours elapsed time, the beam availability was 96.2%. Approximately one 
half the downtime was spent resetting the variac on the high-voltage power supply. No wear 
was noticed on any part of the ion source at the week's end, and the microwave ion source 
appears to be capable of meeting the CW linac program's longevity requirement. 
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Fig. 7. Beam availability vs. the elapsed time for the 50-keV injector. 

A guideline for ion extraction systems shows that a minimum extraction gap, d^, is d,^ = 
0.0141(U)3/2 (mm-kV-372) = 4.5 mm. The actual gap (cf. Table 1) is d = 7 mm. The 65-mA beam 
current at 570 W discharge power gives a beam current density of 330 mA/cm. These results are 
used as guidelines in ion source development for the new 75-keV dc injector. 

in. The75-keV, 110-mAdc Proton Injector 

Figure 8 shows the integration of the microwave proton source5 with a 75-kV proton-beam 
extraction system. The beam propagates from bottom to top. The 75-kV extraction voltage is 
held across a single 15-mm gap. The decel electrode is located between two ground electrodes. 
Its function is to maintain beam space-charge neutralization in the LEBT and to protect the ion 
source from back-streaming electrons. A novel feature of this design is the elimination of the ion 
source high-voltage deck. The solenoid coils are separated from the high-voltage column and 
plasma chamber by a large coaxial polypropylene insulator whose dielectric constant is 2.2. The 
H 2 gas flow controller is based on a constant flow controller at ground potential which feeds gas 
through a fixed, small conductance aperture located at high voltage. Greater-than-ambient 
pressure exists in the insulating gas-feed line from ground to high voltage. The microwave power 
supply is separated from the plasma chamber by a high-voltage waveguide break.5 The voltage is 
graded across the two insulators by a water resistor. Design parameters for this injector are 
shown in Table 2. The radio frequency quadrupole (RFQ) accelerator follows the injector (cf. 
Fig. 1), and its match parameters are given in Table 2. 2 9 

Extended Microwave Ion Source Run 
Recorded Hourly 
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Fig. 8. Engineering drawing for the 75-keV ion source. 

Table 2. 75-keV injector specifications. 

Beam Current (mA) 130 
Proton Fraction (%) 85 
Required proton current (mA) 110 
Beam Energy (keV) 75 
Discharge Power (W), Frequency 300-450,2.45 GHz 
(GHz) 
Axial Magnetic Field (G) 920 
Duty Factor (%) 100, (dc) 
Gas Flow (seem) 2.8 - 8.5 
Emission Aperture Radius (mm) 4.2 
Extraction Gap (mm) 14.5 
Beam Noise (%) ±1 
Ion Source Emittance5 (7tmm-mrad) 0.13 (rms, normalized) 
Beam Noise (%) ±1 
RFQ Matchpoint Emittance29 0.20 (rms, normalized) 
(jemm-mrad) 
CtRFQ 1.944 
PRFQ (mm/mrad) 0.1193 



The extraction electrodes are designed and built on the basis of the Fusion Materials 
Irradiation Test (FMT) facility's injector30 design. The spherically-convergent geometry, which 
limits the beam divergence, gives a peak extractor surface field of 99 kV/cm where d = 14.5 mm. 
The peak electric field is well below the 125 kV/cm used as the design limit in the FMIT 
extractor. The minimum extraction gap 2 8 at 75 keV is d^n = 9.2, also well below the present 
design, as in the tech-base work. Upon completion of the analytic electrode design, the 
PBGUNS code31 is used to confirm the extractor design. At 85% beam fraction the 110-mA 
proton current is obtained at 240-mA/cm2 current density. This is 25% lower than the current 
density demonstrated in the 170 hour run, so this source may run at lower power (300 - 450 W) 
than the 50-keV injector. 

The 75-keV injector is now undergoing beam tests at Los Alamos. The ion source is 
operating at 75 kV, and a short LEBT consisting of two solenoids and a dc Faraday cup for a 
beam stop are installed. The injector is controlled by an EPICS computer-control system. 

Beam currents are measured using a dc current toroid33 located at the axial beam position z = 
18 cm downstream from the ion source. The dc hydrogen-ion beam current is plotted vs. the 
microwave ion-source solenoid currents in Fig. 9. A maximum of 110-mA current through the 
toroid has been observed at 80-kV extraction potential. Both the toroid and the high-voltage 
power supply (HVPS) currents are plotted. The differences are consistent with the 10-MQ 
column water resistor. The beam-current magnitude is sensitive to the axial magnetic field 
profile,5 and this dependence on the 75-keV injector is being investigated. 
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Fig. 9. Hydrogen-ion beam current as a function of the microwave ion source's solenoid current. 
Both the beam toroid and HVPS currents are plotted. 

A CCD camera beam diagnostic34 has been installed at z = 44 cm to measure beam profiles 
and divergences by observation of optical emissions from the background gas. This video 



diagnostic is noninterceptive. It simultaneously records approximately 240 profiles along z with 
512 pixel resolution in the transverse dimensions at a rate of 2 Hz. The camera views a 4.2 cm 
beam length. By calculating the change in measured profile widths over a known beam drift 
distance, the beam divergence may be calculated. Figures 10 (A) and (B) show the beam profile 
widths and divergences vs. the electron-equivalent beam perveance. The widths are the full-
width half-maximum (FWHM) values of the measured profiles, and the divergences are calculated 
from differences in the profile widths. The data were taken at approximately 92-mA dc current 
with the beam energy increasing from 70 to 85 keV. The beam becomes smaller and less 
divergent at lower perveances. The error bars on the measured divergences come from the finite 
transverse pixel resolution (O.lmm/pixel) and the small profile width changes over the 4 cm drift. 
A pair of cameras have been installed at this location to give x and y transverse profile 
information. 

The data in Fig. 10 are consistent with parallel beams at the video-camera location for beam 
perveances in the 0.16 - 0.18 \iP range. The beam sizes (Fig. 10(A)) are nearly the same as the 
the 8.4 mm ion source emission aperture diameter. An interpretation of these results is that a 
low-divergence beam is extracted and drifts 44 cm to the video camera with small growth in beam 
radius and angle. These results tend to validate the extraction geometry design. The emittance 
and proton fraction diagnostic will soon be moved to the injector to make more quantitative beam 
studies. 
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Fig. 10. The beam widths (A) and divergences (B) as a function of the beam perveance. Both 
(A) and (B) are taken from the profile FWHM. 

IV. Summary 

The technical-base development program has yielded valuable information on the direction 
for higher-current and higher-voltage dc injector development based on a microwave proton 
source. Care must be given to the LEBT design to maintain the ion source emittance for injection 
into an RFQ. The beam space-charge appears to be neutralized by background electrons to an 
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effective 1-mA current. Water added to the discharge increases the microwave source's proton 
beam fraction to >90% with 500 W discharge power. The microwave source appears to be 
sufficiently robust to operate over long time periods at beam parameters appropriate to an 
ADTT linac. 

Testing of the 75-keV ADTT dc injector has begun. Hydrogen-ion beam currents of 110 mA 
have been obtained. A non-interceptive diagnostic can measure the beam profile and divergence 
by observing optical emissions from the background gas. Future development includes 
optimization of the ion extraction geometry, increased high-voltage reliability, and the 
measurement of the proton beam fraction and emittance. 
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