
Nitrogen‌ ‌Beams‌ ‌with‌ ‌a‌ ‌National‌ ‌Electrostatics‌ ‌Corporation‌‌ 
Alphatross‌ ‌Source‌ ‌and‌ ‌a‌ ‌5SDH‌ ‌Accelerator‌‌  

B.‌ ‌Harlow,‌1,‌ ‌a)‌‌ ‌P.‌ ‌A.‌ ‌DeYoung,‌1,b)‌‌ ‌and‌ ‌V.‌ ‌A.‌ ‌Bunnell‌1‌ ‌ 

1‌Hope‌ ‌College‌ ‌Department‌ ‌of‌ ‌Physics,‌ ‌Holland,‌ ‌MI‌ ‌49423,‌ ‌USA‌ ‌ 
‌ 

a)‌Corresponding‌ ‌author:‌ ‌blake.harlow@hope.edu‌ ‌ 
b)‌deyoung@hope.edu‌ ‌ 

‌ 

Abstract.‌ ‌Over‌‌the‌‌past‌‌15‌‌years,‌‌Hope‌‌College‌‌has‌‌been‌‌producing‌‌hydrogen‌‌and‌‌helium‌‌ion‌‌beams‌‌with‌‌an‌‌Alphatross‌®‌ ‌                                     
ion‌‌source‌‌and‌‌5SDH‌‌Pelletron‌®‌ ‌tandem‌‌Van‌‌de‌‌Graaff‌‌accelerator.‌ ‌The‌‌manufacturer‌‌stated‌‌the‌‌possibility‌‌of‌‌creating‌‌                                 
nitrogen‌‌ions‌‌from‌‌this‌‌source,‌‌but‌‌Hope‌‌College‌‌has‌‌not,‌‌up‌‌until‌‌now,‌‌attempted‌‌to‌‌do‌‌so.‌ ‌By‌‌mixing‌‌approximately‌‌1%‌‌                                         
nitrogen‌ ‌into‌ ‌hydrogen‌ ‌source‌ ‌gas,‌ ‌imidogen‌ ‌(NH‌-‌)‌ ‌and‌‌amidogen‌‌(NH‌2‌

-‌)‌ ‌ions‌‌are‌‌created‌‌and‌‌accelerated‌‌through‌‌the‌‌                                 
tandem‌ ‌accelerator.‌ ‌Oxygen‌ ‌and‌ ‌hydroxide‌ ‌beams‌ ‌are‌ ‌also‌ ‌present‌ ‌due‌ ‌to‌ ‌residual‌ ‌water‌ ‌vapor‌ ‌in‌ ‌the‌ ‌source‌ ‌after‌‌                                   
maintenance.‌ ‌Post‌ ‌acceleration,‌ ‌these‌‌ion‌‌beams‌‌were‌‌directed‌‌into‌‌a‌‌scattering‌‌chamber‌‌by‌‌a‌‌dipole‌‌bending‌‌magnet‌‌for‌                                   
identification.‌ ‌Alternate‌ ‌beams‌ ‌such‌ ‌as‌ ‌these‌ ‌open‌ ‌up‌ ‌new‌ ‌possibilities‌ ‌for‌ ‌future‌ ‌experiments‌ ‌such‌ ‌as‌ ‌nitrogen‌‌                               
implantation.‌ ‌ 

I‌NTRODUCTION‌ ‌ 

Hope‌‌College‌‌has‌‌an‌‌Alphatross‌®‌ ‌ion‌‌source‌1‌ ‌paired‌‌with‌‌a‌‌5SDH‌‌Pelletron‌®‌ ‌tandem‌‌Van‌‌de‌‌Graff‌‌Accelerator‌2‌.‌ ‌                                 
The‌‌Alphatross‌®‌ ‌ion‌‌source‌‌is‌‌a‌‌charge-exchange‌‌type‌‌source‌‌and‌‌is‌‌marketed‌‌and‌‌used‌‌as‌‌a‌‌source‌‌for‌‌negative‌‌H‌‌                                       
and‌‌He‌‌ions.‌ ‌Many‌‌of‌‌these‌‌sources‌‌are‌‌in‌‌operation‌‌around‌‌the‌‌world‌‌because‌‌they‌‌are‌‌a‌‌reliable‌‌technology‌‌for‌‌the‌‌                                         
production‌ ‌of‌ ‌He‌-‌‌ ‌ions,‌ ‌not‌ ‌available‌ ‌from‌ ‌sputter‌ ‌sources,‌ ‌for‌ ‌acceleration‌ ‌by‌ ‌tandem‌ ‌accelerators‌3‌.‌ ‌ 

The‌‌manufacturer‌‌of‌‌this‌‌ion‌‌source,‌‌National‌‌Electrostatics‌‌Corporation‌4‌,‌‌and‌‌Ref.‌‌5‌‌state‌‌there‌‌is‌‌a‌‌possibility‌‌of‌‌                                   
creating‌ ‌imidogen‌ ‌(NH‌-‌),‌ ‌oxygen,‌ ‌and‌ ‌hydroxide‌ ‌(OH‌-‌)‌ ‌ions‌ ‌with‌ ‌this‌ ‌ion‌ ‌source.‌ ‌Amidogen‌ ‌(NH‌2‌

-‌)‌ ‌ions‌ ‌could‌‌                               
potentially‌ ‌be‌ ‌made,‌ ‌but‌ ‌N‌-‌ ‌ions‌ ‌are‌ ‌unexpected‌ ‌because‌ ‌the‌ ‌ground‌ ‌state‌ ‌electron‌ ‌configuration‌ ‌of‌ ‌this‌ ‌ion‌ ‌is‌‌                                   
unstable.‌6‌ ‌However,‌‌very‌‌little‌‌exact‌‌information‌‌about‌‌finding‌‌and‌‌optimizing‌‌these‌‌alternate‌‌beams‌‌is‌‌given.‌ ‌The‌‌                               
process‌‌necessary‌‌to‌‌make‌‌these‌‌alternate‌‌beams‌‌was‌‌studied.‌ ‌Source‌‌gas‌‌changes‌‌were‌‌necessary‌‌and‌‌a‌‌model‌‌for‌‌                                   
the‌‌bending‌‌magnet‌‌was‌‌created‌‌assuming‌‌non-relativistic‌‌particles.‌ ‌Although‌‌the‌‌paths‌‌through‌‌the‌‌beam‌‌line‌‌are‌‌                               
very‌‌complex,‌‌the‌‌underlying‌‌principle‌‌for‌‌the‌‌model‌‌is‌‌that‌‌all‌‌particles‌‌with‌‌the‌‌same‌‌value‌‌of‌‌ ‌will‌‌take‌‌the‌‌                                  v qB  m /        
same‌‌path‌‌through‌‌the‌‌focusing‌‌and‌‌bending‌‌magnets.‌ ‌Sample‌‌ion‌‌source‌‌and‌‌accelerator‌‌settings‌‌for‌‌various‌‌beam‌‌                                 
species‌‌have‌‌been‌‌found‌‌for‌‌various‌‌beam‌‌energies‌‌and‌‌ions.‌ ‌The‌‌magnet‌‌current‌‌required‌‌to‌‌bend‌‌these‌‌beams‌‌can‌‌                                     
be‌‌consistently‌‌predicted‌‌using‌‌the‌‌model‌‌which‌‌confirms‌‌the‌‌identity‌‌of‌‌each‌‌beam.‌ ‌These‌‌beams‌‌have‌‌the‌‌potential‌‌                                   
for‌ ‌being‌ ‌used‌ ‌for‌ ‌nitrogen‌ ‌implantation.‌ ‌ 

A‌CCELERATOR‌‌ ‌D‌ESCRIPTION‌ ‌ 

The‌‌current‌‌accelerator‌‌at‌‌Hope‌‌College‌‌was‌‌installed‌‌in‌‌2004.‌7,8‌ ‌Fig.‌‌1‌‌shows‌‌a‌‌layout‌‌of‌‌the‌‌installation.‌ ‌An‌‌                                     
Alphatross‌®‌ ‌ion‌‌source‌‌creates‌‌a‌‌plasma‌‌using‌‌an‌‌RF‌‌electric‌‌field‌‌and‌‌a‌‌magnetic‌‌field.‌ ‌Ions‌‌are‌‌extracted‌‌with‌‌an‌‌                                       
axial‌ ‌electric‌ ‌field‌ ‌(probe).‌ ‌The‌ ‌positive‌ ‌ions‌ ‌from‌ ‌the‌ ‌plasma‌ ‌undergo‌ ‌charge‌ ‌exchange‌ ‌as‌ ‌they‌ ‌pass‌ ‌through‌‌                                 
gaseous‌‌rubidium.‌1,3‌ ‌Between‌‌the‌‌ion‌‌source‌‌and‌‌the‌‌low‌‌energy‌‌entrance‌‌to‌‌the‌‌accelerator,‌‌the‌‌now‌‌negative‌‌ions‌‌                                   
are‌ ‌focused‌ ‌and‌ ‌steered.‌ ‌The‌ ‌focusing‌ ‌and‌ ‌steering‌ ‌elements‌ ‌include‌ ‌a‌ ‌velocity‌ ‌selector‌ ‌(crossed‌ ‌electric‌ ‌and‌‌                               



magnetic‌‌field),‌‌a‌‌vertical‌‌electrostatic‌‌steerer,‌‌and‌‌an‌‌electrostatic‌‌Einzel‌‌lens.‌ ‌An‌‌insertable‌‌Faraday‌‌cup‌‌is‌‌used‌‌to‌‌                                   
measure‌ ‌the‌ ‌low‌ ‌energy‌ ‌beam‌ ‌current.‌ ‌While‌‌different‌‌ions‌‌such‌‌as‌‌NH‌-‌ ‌and‌‌NH‌2‌

-‌ ‌will‌‌have‌‌different‌‌speeds‌‌and‌‌                                     
only‌ ‌one‌‌will‌‌follow‌‌the‌‌central‌‌path‌‌through‌‌the‌‌accelerator,‌‌the‌‌low-energy‌‌Faraday‌‌cup‌‌cannot‌‌distinguish‌‌these‌‌                                 
two‌‌ions.‌ ‌The‌‌same‌‌is‌‌true‌‌for‌‌O‌-‌ ‌and‌‌OH‌-‌ ‌ions.‌ ‌The‌‌two‌‌velocities‌‌are‌‌very‌‌close‌‌and‌‌since‌‌the‌‌Faraday‌‌cup‌‌is‌‌close‌‌                                               
to‌ ‌the‌ ‌velocity‌ ‌selector,‌ ‌the‌ ‌two‌ ‌species‌ ‌are‌ ‌not‌ ‌significantly‌ ‌separate‌ ‌in‌ ‌space‌ ‌when‌ ‌they‌ ‌reach‌ ‌the‌ ‌cup.‌ ‌ 

‌ 

‌ 
FIGURE‌ ‌1.‌‌  ‌Layout‌ ‌of‌ ‌the‌ ‌accelerator‌ ‌and‌ ‌associated‌ ‌components.‌ ‌ ‌   

‌ 
The‌ ‌tandem‌ ‌Van‌ ‌de‌ ‌Graff‌ ‌accelerator‌ ‌has‌ ‌a‌ ‌maximum‌ ‌Terminal‌ ‌Voltage‌‌(‌ )‌‌of‌‌1.7‌‌MV.‌ ‌The‌‌ions‌‌are‌‌first‌‌                      VT                

accelerated‌‌by‌‌the‌‌positive‌‌ ‌toward‌‌the‌‌center‌‌of‌‌the‌‌accelerator‌‌gaining‌‌energy.‌ ‌Electrons‌‌are‌‌then‌‌stripped‌‌off‌‌        VT                            
during‌‌collisions‌‌with‌‌low‌‌pressure‌‌nitrogen‌‌gas‌‌in‌‌the‌‌center‌‌of‌‌the‌‌tandem‌‌leaving‌‌a‌‌positive‌‌ion‌‌which‌‌is‌‌repelled‌‌                                       
by‌‌the‌‌ ‌gaining‌‌additional‌‌energy.‌ ‌Ions‌‌will‌‌have‌‌a‌‌total‌‌energy‌‌that‌‌depends‌‌on‌‌the‌‌TV‌‌and‌‌Charge‌‌State‌‌(‌ )‌‌    VT                                     SC  
of‌ ‌the‌ ‌ion‌ ‌after‌ ‌undergoing‌ ‌stripping‌ ‌in‌ ‌the‌ ‌terminal‌ ‌of‌ ‌the‌ ‌accelerator‌ ‌according‌ ‌to‌ ‌ .‌ ‌This‌‌                            ≈T V V SE + T * C    
expression‌ ‌is‌‌approximate‌‌because‌‌the‌‌ions‌‌always‌‌have‌‌some‌‌initial‌‌energy‌‌from‌‌the‌‌ion‌‌source.‌ ‌Additionally,‌‌in‌                                 
those‌‌cases‌‌where‌‌the‌‌source‌‌produces‌‌a‌‌molecular‌‌ion‌‌rather‌‌than‌‌a‌‌simple‌‌atomic‌‌ion,‌‌the‌‌expression‌‌is‌‌even‌‌less‌‌                                       
exact‌‌because‌‌it‌‌does‌‌not‌‌recognize‌‌that‌‌the‌‌ion‌‌has‌‌a‌‌different‌‌mass‌‌before‌‌and‌‌after‌‌charge‌‌exchange‌‌in‌‌the‌‌center‌‌                                         
of‌ ‌the‌ ‌accelerator.‌ ‌In‌‌general,‌‌hydrogen‌‌beams‌‌will‌‌have‌‌a‌‌maximum‌‌energy‌‌of‌‌ 3.4‌‌MeV,‌‌and‌‌α‌‌particles‌‌(He‌2+‌)‌‌                           ̃            
have‌ ‌a‌ ‌maximum‌ ‌energy‌ ‌of‌ ‌ 5.1‌ ‌MeV.‌‌ ‌ ̃   

After‌ ‌the‌ ‌accelerator,‌ ‌the‌ ‌beam‌ ‌is‌ ‌directed‌ ‌down‌ ‌a‌ ‌beam‌ ‌line‌ ‌which‌ ‌includes‌ ‌an‌ ‌x‌ ‌and‌ ‌y‌ ‌quadrupole-doublet‌‌                                   
focusing‌ ‌magnet‌ ‌and‌ ‌a‌ ‌dipole‌ ‌bending‌ ‌magnet.‌ ‌The‌ ‌dipole‌ ‌magnet‌ ‌deflects‌ ‌the‌ ‌beam‌ ‌by‌ ‌15‌o‌ ‌into‌ ‌a‌ ‌scattering‌‌                                   
chamber‌ ‌ 7.2‌ ‌m‌ ‌downstream.‌ ‌The‌ ‌x‌ ‌and‌ ‌y‌ ‌magnetic‌ ‌steering‌ ‌magnets‌ ‌on‌ ‌this‌ ‌line‌ ‌were‌ ‌only‌ ‌varied‌ ‌when‌ ‌the‌‌   ̃                                    
particular‌‌species‌‌and‌‌charge‌‌state‌‌were‌‌changed‌‌to‌‌minimize‌‌perturbations‌‌to‌‌the‌‌path.‌ ‌A‌‌beam‌‌profile‌‌monitor‌‌is‌‌                                   
positioned‌ ‌immediately‌ ‌before‌ ‌the‌ ‌scattering‌ ‌chamber‌‌and‌‌is‌‌used‌‌to‌‌ensure‌‌a‌‌consistent‌‌beam‌‌position‌‌and‌‌shape‌‌                                 
regardless‌ ‌of‌ ‌beam‌ ‌species‌‌and‌‌energy.‌ ‌The‌‌scattering‌‌chamber‌‌is‌‌equipped‌‌with‌‌a‌‌Faraday‌‌cup‌‌to‌‌measure‌‌beam‌‌                                   
current,‌ ‌and‌ ‌the‌ ‌current‌ ‌in‌ ‌this‌ ‌cup‌ ‌was‌ ‌maximized‌ ‌at‌ ‌each‌ ‌setting‌ ‌to‌ ‌fine‌ ‌tune‌ ‌the‌ ‌beam‌ ‌line‌ ‌settings.‌‌ ‌  

M‌ODELING‌‌ ‌I‌ON‌‌ ‌B‌EAM‌‌ ‌‌BEHAVIOR‌ ‌ 

Approximate‌‌ion‌‌source‌‌settings‌‌for‌‌imidogen‌‌(NH‌-‌)‌‌are‌‌given‌‌by‌‌the‌‌Alphatross‌‌manufacturer,‌‌but‌‌there‌‌is‌‌only‌‌                                 
limited‌‌documentation‌‌regarding‌‌specifics.‌ ‌There‌‌is‌‌little‌‌information‌‌about‌‌exactly‌‌what‌‌is‌‌extracted‌‌from‌‌the‌‌ion‌‌                               
source.‌ ‌Specifically,‌ ‌does‌ ‌the‌ ‌source‌ ‌produce‌ ‌atomic‌ ‌nitrogen‌ ‌N‌-‌ ‌(unexpected‌ ‌because‌ ‌the‌ ‌extra‌ ‌electron‌ ‌is‌‌                             
unbound),‌‌molecular‌‌NH,‌‌molecular‌‌NH‌2‌ ‌or‌‌a‌‌combination?‌ ‌In‌‌principle,‌‌the‌‌current‌‌in‌‌the‌‌dipole‌‌bending‌‌magnet‌‌is‌‌                                   
a‌ ‌sensitive‌ ‌indicator‌ ‌of‌ ‌the‌ ‌energy‌ ‌and‌ ‌species‌ ‌of‌ ‌the‌ ‌accelerated‌ ‌ion,‌ ‌Thus,‌ ‌the‌‌main‌‌challenge‌‌of‌‌finding‌‌and‌‌                                     
identifying‌ ‌alternate‌ ‌beams‌ ‌is‌ ‌the‌ ‌need‌ ‌to‌ ‌accurately‌ ‌model‌ ‌the‌ ‌bending‌ ‌magnet‌ ‌behavior.‌ ‌ 

In‌ ‌general,‌ ‌the‌ ‌behavior‌ ‌of‌ ‌the‌ ‌dipole‌ ‌magnet‌ ‌can‌ ‌be‌ ‌modeled‌ ‌based‌ ‌on‌ ‌Eq.‌ ‌1,‌ 
‌ 



,‌ r = qB
mv = K√ mE

q I2 2 (1)‌ ‌ 
where‌ ‌ ‌is‌ ‌the‌ ‌ion‌ ‌mass,‌ ‌ ‌is‌ ‌the‌ ‌ion‌ ‌velocity,‌ ‌ ‌is‌ ‌the‌ ‌charge‌ ‌of‌ ‌the‌ ‌ion,‌ ‌and‌ ‌ ‌is‌‌the‌‌magnetic‌‌field‌‌in‌‌the‌‌  m           v           q                 B              
magnet.‌ ‌Note‌‌that,‌‌as‌‌is‌‌frequently‌‌the‌‌case,‌‌the‌‌magnetic‌‌field‌‌is‌‌not‌‌known,‌‌but‌‌rather‌‌it‌‌is‌‌the‌‌current‌‌through‌‌the‌‌                                           
magnet‌ ‌that‌ ‌is‌‌known.‌ ‌The‌‌goal‌‌is‌‌to‌‌establish‌‌a‌‌constant‌‌path‌‌through‌‌the‌‌bending‌‌magnet‌‌and‌‌then‌‌calibrate‌‌the‌‌                                       
current‌ ‌in‌ ‌the‌ ‌magnet‌ ‌with‌ ‌well‌ ‌known‌ ‌ion‌ ‌species‌ ‌and‌ ‌energies.‌ ‌ ‌   

Eq.‌ ‌1‌ ‌can‌ ‌also‌ ‌be‌ ‌cast‌ ‌in‌ ‌terms‌ ‌of‌ ‌ ,‌ ‌the‌ ‌total‌ ‌kinetic‌ ‌energy‌ ‌of‌ ‌the‌ ‌ion,‌ ‌ ,‌ ‌the‌ ‌current‌ ‌in‌ ‌the‌ ‌magnet‌ ‌coils,‌ ‌and‌‌ ‌E I   
,‌‌a‌‌proportionality‌‌constant.‌ ‌The‌‌proportionality‌‌constant‌‌is‌‌not‌‌known‌‌because‌‌the‌‌field‌‌for‌‌the‌‌actual‌‌magnet‌‌has‌‌K                                    

not‌‌been‌‌mapped‌‌to‌‌establish‌‌a‌‌relationship‌‌between‌‌the‌‌current‌‌and‌‌the‌‌field.‌ ‌However,‌‌if‌‌ions‌‌are‌‌constrained‌‌to‌‌                                     
always‌‌follow‌‌the‌‌same‌‌path‌‌through‌‌the‌‌magnet,‌‌the‌‌current‌‌needed‌‌to‌‌bend‌‌a‌‌reference‌‌ion‌‌with‌‌radius‌‌ ‌can‌‌be‌‌                                    r0      
related‌ ‌to‌ ‌the‌ ‌current‌ ‌needed‌ ‌for‌ ‌any‌ ‌other‌ ‌ion‌ ‌following‌ ‌radius‌ ‌  ‌according‌ ‌to‌ ‌Eq.‌ ‌2.‌ ‌r  

‌ 

⇒ I I    r0 = r √ q2
0

m E0 0
0 = √ q2

mE (2)‌ ‌ 

‌ 
This‌‌can‌‌be‌‌rearranged‌‌as‌‌shown‌‌in‌‌Eq.‌‌3‌‌to‌‌predict‌‌the‌‌appropriate‌‌ ‌for‌‌any‌‌ion‌‌given‌‌a‌‌current‌‌ ‌for‌‌a‌‌specific‌‌                          I               I0        
ion‌ ‌with‌ ‌ ,‌ ‌ ,‌ ‌and‌ ‌  ‌that‌ ‌follows‌ ‌a‌ ‌central‌ ‌path.‌‌ ‌m0 q0 E0   

‌ 
 I

I0
= q

q0√ mE
E m0 0

(3)‌ ‌ 
‌ 

The‌‌process‌‌of‌‌determining‌‌the‌‌proportionality‌‌constant‌‌began‌‌with‌‌a‌‌well-understood‌‌reference‌‌beam,‌‌Hydrogen‌‌                           
at‌‌2.513±0.020‌‌MeV.‌ ‌Eq.‌‌3‌‌then‌‌gives‌‌approximate‌‌current‌‌values‌‌for‌‌beams‌‌of‌‌He‌‌and‌‌O.‌ ‌If‌‌the‌‌measured‌‌currents‌‌                                       
are‌‌plotted‌‌versus‌‌ ,‌‌the‌‌current‌‌should‌‌show‌‌a‌‌ ‌behavior.‌ ‌The‌‌offset‌‌term‌‌was‌‌included‌‌to‌‌account‌‌for‌‌      q2

Em             y = a + b√x                    
an‌ ‌offset‌ ‌in‌ ‌the‌ ‌current‌ ‌readback‌ ‌from‌ ‌the‌ ‌power‌ ‌supply‌ ‌versus‌ ‌the‌ ‌actual‌ ‌field‌ ‌in‌ ‌the‌ ‌magnet‌ ‌coils.‌ ‌ 

There‌ ‌is‌ ‌one‌‌final‌‌consideration‌‌that‌‌is‌‌necessary.‌ ‌When‌‌the‌‌species‌‌leaving‌‌the‌‌ion‌‌source‌‌are‌‌molecular‌‌ions‌‌                                   
such‌‌as‌‌imidogen‌‌(NH‌-‌)‌‌or‌‌hydroxide‌‌(OH‌-‌),‌‌these‌‌molecules‌‌will‌‌dissociate‌‌in‌‌the‌‌center‌‌of‌‌the‌‌terminal.‌ ‌In‌‌these‌‌                                     
cases,‌‌the‌‌energy‌‌gained‌‌during‌‌transit‌‌through‌‌the‌‌accelerator‌‌is‌‌more‌‌complicated‌‌because‌‌the‌‌molecule‌‌dissociates‌‌                               
when‌ ‌stripping‌ ‌in‌ ‌the‌ ‌terminal‌ ‌takes‌ ‌place.‌  ‌The‌ ‌result‌ ‌is‌ ‌that‌ ‌the‌ ‌final‌ ‌energy‌ ‌of‌ ‌a‌ ‌particle‌ ‌is‌ ‌ 

‌ 
(∣q ∣V )  V  Ef inal  = m

M i terminal + Esource  + qf terminal  (4)‌ ‌ 
‌ 

where‌‌ ‌is‌‌the‌‌charge‌‌of‌‌the‌‌ion‌‌extracted‌‌from‌‌the‌‌the‌‌source,‌‌ ‌is‌‌the‌‌charge‌‌after‌‌stripping,‌‌ ‌is‌‌the‌‌mass‌‌of‌‌the‌‌  qi                         qf             m            
species‌ ‌exiting‌ ‌the‌ ‌accelerator‌ ‌and‌ ‌traversing‌‌the‌‌magnet‌‌and‌‌ ‌is‌‌the‌‌mass‌‌of‌‌the‌‌molecule‌‌produced‌‌in‌‌the‌‌ion‌‌                  M                      
source.‌‌The‌‌final‌‌energies‌‌listed‌‌in‌‌Table‌‌I‌‌do‌‌include‌‌the‌‌energy‌‌given‌‌the‌‌ions‌‌by‌‌the‌‌extraction‌‌voltage‌‌in‌‌the‌‌ion‌‌                                           
source‌ ‌and‌ ‌the‌ ‌overall‌ ‌bias‌ ‌voltage‌ ‌applied‌ ‌to‌ ‌the‌ ‌source‌ ‌(‌ .‌ ‌In‌‌this‌‌study,‌‌no‌‌attempt‌‌was‌‌made‌‌to‌‌relate‌‌                    )Esource                    
measurements‌ ‌to‌ ‌a‌ ‌theory‌ ‌of‌ ‌the‌ ‌dissociation‌ ‌of‌ ‌fast‌ ‌molecular‌ ‌species‌ ‌in‌ ‌matter.‌ ‌There‌ ‌is‌ ‌some‌ ‌theoretical‌‌                                 
understanding‌ ‌of‌ ‌the‌ ‌dissociation‌ ‌process‌ ‌given‌ ‌in‌ ‌Refs.‌ ‌9‌ ‌and‌ ‌10.‌ ‌ 

M‌EASUREMENTS‌ ‌ 

The‌ ‌bending‌ ‌magnet‌ ‌current‌ ‌for‌ ‌various‌ ‌ions‌ ‌with‌ ‌various‌ ‌charge‌ ‌states‌ ‌and‌ ‌total‌ ‌kinetic‌ ‌energies‌ ‌(various‌‌                               
terminal‌‌voltages)‌‌was‌‌adjusted‌‌for‌‌maximum‌‌beam‌‌current‌‌in‌‌the‌‌scattering‌‌chamber‌‌Faraday‌‌cup.‌ ‌A‌‌summary‌‌list‌‌                                 
of‌ ‌combinations‌ ‌measured‌ ‌is‌ ‌given‌ ‌in‌ ‌Table‌ ‌1.‌ ‌ 

The‌‌beam-line‌‌steerers‌‌and‌‌the‌‌quadrupole‌‌doublet‌‌focusing‌‌magnet‌‌were‌‌left‌‌constant‌‌through‌‌the‌‌range‌‌in‌‌order‌‌                                 
to‌‌prevent‌‌skewing‌‌the‌‌data‌‌by‌‌introducing‌‌a‌‌different‌‌path‌‌for‌‌the‌‌particles.‌ ‌A‌‌beam‌‌profile‌‌monitor‌‌and‌‌a‌‌Faraday‌‌                                       
cup‌ ‌in‌ ‌the‌ ‌downstream‌ ‌scattering‌ ‌chamber‌ ‌were‌ ‌used‌‌to‌‌find‌‌the‌‌bending‌‌magnet‌‌current‌‌that‌‌gave‌‌the‌‌maximum‌‌                                   
beam.‌‌The‌‌beam‌‌profile‌‌monitor‌‌allowed‌‌one‌‌to‌‌get‌‌close‌‌to‌‌the‌‌desired‌‌beam‌‌location‌‌since‌‌this‌‌visual‌‌aid‌‌is‌‌easier‌‌                                         
to‌ ‌use‌ ‌and‌ ‌insured‌ ‌that‌ ‌the‌ ‌trajectory‌ ‌was‌ ‌not‌ ‌somehow‌ ‌skewed.‌ ‌ 

The‌ ‌optimal‌ ‌magnet‌ ‌current‌‌and‌‌the‌‌beam‌‌kinetic‌‌energy‌‌have‌‌some‌‌uncertainty.‌ ‌The‌‌statistical‌‌uncertainty‌‌in‌‌                               
the‌‌magnet‌‌current‌‌was‌‌taken‌‌to‌‌be‌‌0.05‌‌A‌‌and‌‌reflects‌‌the‌‌inability‌‌of‌‌the‌‌accelerator‌‌operator‌‌to‌‌find‌‌the‌‌absolute‌‌                                         
best‌ ‌setting‌ ‌given‌ ‌the‌ ‌inherent‌ ‌fluctuations‌ ‌in‌ ‌beam‌ ‌current.‌ ‌This‌ ‌uncertainty‌ ‌is‌ ‌smaller‌‌than‌‌the‌‌symbols‌‌in‌‌the‌‌                                   
figures‌‌shown‌‌and‌‌discussed‌‌below.‌ ‌There‌‌is‌‌also‌‌a‌‌systematic‌‌uncertainty‌‌due‌‌to‌‌the‌‌calibration‌‌of‌‌the‌‌generating‌‌                                   
voltmeter.‌  ‌This‌ ‌uncertainty‌ ‌is‌ ‌estimated‌ ‌to‌ ‌be‌ ‌±20‌ ‌keV‌ ‌and‌ ‌arises‌ ‌because‌ ‌the‌ ‌GVM‌ ‌calibration‌ ‌is‌ ‌done‌ ‌infrequently.‌ ‌ ‌   



The‌ ‌large‌ ‌dipole‌ ‌bending‌ ‌magnet‌ ‌is‌ ‌subject‌ ‌to‌ ‌hysteresis‌ ‌effects.‌ ‌If‌ ‌hysteresis‌ ‌is‌ ‌ignored‌ ‌when‌ ‌magnet‌‌                               
adjustments‌‌are‌‌made‌‌during‌‌beam‌‌tuning,‌‌the‌‌relationship‌‌between‌‌the‌‌expected‌‌setting‌‌and‌‌actual‌‌setting‌‌becomes‌‌                               
too‌‌imprecise.‌‌The‌‌size‌‌of‌‌this‌‌effect‌‌is‌‌shown‌‌in‌‌Fig.‌‌2.‌ ‌All‌‌the‌‌measurements‌‌presented‌‌in‌‌the‌‌next‌‌section‌‌were‌‌                                         
made‌‌in‌‌a‌‌way‌‌where‌‌the‌‌magnet‌‌current‌‌was‌‌always‌‌only‌‌increased.‌ ‌If‌‌the‌‌magnet‌‌current‌‌needed‌‌to‌‌be‌‌reduced,‌‌it‌‌                                         
was‌ ‌turned‌ ‌back‌ ‌to‌ ‌zero‌ ‌before‌ ‌being‌ ‌increased‌ ‌again.‌ ‌Great‌‌care‌‌was‌‌taken‌‌when‌‌tuning‌‌for‌‌maximum‌‌beam‌‌to‌‌                                     
increase‌ ‌the‌ ‌current‌ ‌in‌ ‌small‌ ‌steps‌ ‌so‌ ‌as‌ ‌not‌ ‌to‌ ‌overshoot‌ ‌the‌ ‌correct‌ ‌current‌ ‌for‌ ‌maximum‌ ‌beam.‌ ‌ 

‌ 
FIGURE‌ ‌2.‌‌  ‌Hysteresis‌ ‌in‌ ‌the‌ ‌dipole‌ ‌bending‌ ‌magnet.‌  ‌The‌ ‌solid‌ ‌black‌ ‌line‌ ‌indicates‌ ‌magnet‌ ‌current‌ ‌with‌ ‌increasing‌ ‌energy‌ ‌and‌‌ 

the‌ ‌red‌ ‌dotted‌ ‌curve‌ ‌was‌ ‌measured‌ ‌with‌ ‌decreasing‌ ‌steps.‌  ‌(Color‌ ‌on-line)‌ ‌ 

R‌ESULTS‌ ‌ 

The‌‌goal‌‌of‌‌this‌‌work‌‌was‌‌to‌‌conclusively‌‌identify‌‌ion‌‌beams,‌‌especially‌‌nitrogen,‌‌imidogen,‌‌and‌‌amidogen‌‌from‌‌                                 
the‌‌Alphatross®‌‌ion‌‌source‌‌and‌‌transport‌‌the‌‌resulting‌‌beam‌‌to‌‌the‌‌scattering‌‌chamber‌‌with‌‌a‌‌usable‌‌intensity‌‌(>0.3‌‌                                   
nA‌‌in‌‌the‌‌scattering‌‌chamber).‌ ‌In‌‌order‌‌to‌‌definitively‌‌identify‌‌the‌‌ions,‌‌especially‌‌those‌‌associated‌‌with‌‌molecules,‌‌                                 
the‌ ‌systematics‌ ‌of‌ ‌the‌ ‌transport‌ ‌needed‌ ‌to‌ ‌be‌ ‌well‌ ‌understood.‌ ‌ 

Various‌‌combinations‌‌of‌‌different‌‌ions‌‌from‌‌the‌‌ion‌‌source,‌‌accelerating‌‌potentials,‌‌and‌‌final‌‌charge‌‌states‌‌were‌‌                               
directed‌‌into‌‌the‌‌end-station‌‌Faraday‌‌cup‌‌and‌‌the‌‌magnet‌‌current‌‌was‌‌recorded.‌ ‌Table‌‌1‌‌and‌‌Fig.‌‌3‌‌summarize‌‌the‌‌                                     
various‌ ‌combinations‌ ‌that‌ ‌were‌ ‌conclusively‌ ‌identified.‌ ‌ 

Starting‌ ‌with‌ ‌the‌ ‌H‌+‌ ‌ions‌ ‌of‌ ‌various‌ ‌energies,‌ ‌a‌ ‌preliminary‌ ‌relationship‌ ‌between‌ ‌the‌ ‌magnet‌ ‌current‌‌and‌‌the‌‌                                 
parameter‌ ‌ ‌was‌‌established.‌ ‌The‌‌data‌‌set‌‌was‌‌extended‌‌to‌‌include‌‌He‌+‌ ‌and‌‌He‌2+‌ ‌ions‌‌of‌‌differing‌‌energies‌‌and‌‌  q2

Em                                    
final‌‌charge‌‌states‌‌with‌‌confidence‌‌based‌‌on‌‌the‌‌manufacturer's‌‌stated‌‌settings‌‌in‌‌the‌‌source‌‌operations‌‌manual.‌ ‌The‌‌                                 
relationship‌‌was‌‌refined‌‌and‌‌next‌‌O‌+‌,‌‌O‌2+‌,‌‌and‌‌O‌3+‌ ‌ions‌‌(from‌‌atomic‌‌O‌‌from‌‌the‌‌source)‌‌were‌‌added‌‌to‌‌the‌‌data‌‌set.‌ ‌                                           
The‌ ‌current‌ ‌versus‌ ‌  ‌relationship‌ ‌predicted‌ ‌the‌ ‌currents‌ ‌for‌ ‌various‌ ‌final‌ ‌energies‌ ‌and‌ ‌final‌ ‌charge‌ ‌states‌ ‌with‌ ‌q2

Em  



TABLE‌ ‌1‌.‌  ‌A‌ ‌summary‌ ‌of‌ ‌the‌ ‌various‌ ‌ion,‌ ‌charge‌ ‌state,‌ ‌and‌ ‌kinetic‌ ‌energy‌ ‌from‌ ‌this‌ ‌investigation.‌  ‌In‌ ‌those‌ ‌cases‌ ‌where‌ ‌a‌ ‌range‌‌ 
of‌ ‌energies‌ ‌is‌ ‌given,‌ ‌the‌ ‌typical‌ ‌step‌ ‌size‌ ‌in‌ ‌the‌ ‌accelerator‌ ‌terminal‌ ‌voltage‌ ‌was‌ ‌100‌ ‌keV.‌  ‌Also‌ ‌given‌ ‌is‌ ‌the‌ ‌  ‌factor‌ ‌from‌ ‌Eq.2‌‌q2

Em  
that‌ ‌is‌ ‌necessary‌ ‌to‌ ‌compare‌ ‌the‌ ‌currents‌ ‌for‌ ‌diverse‌ ‌ions.‌ ‌ 

‌ 

‌ 
‌ 

‌ 

FIGURE‌ ‌3.‌‌  ‌Current‌ ‌in‌ ‌the‌ ‌dipole‌ ‌bending‌ ‌magnet‌ ‌for‌ ‌various‌ ‌beams‌ ‌species.‌  ‌The‌ ‌legend‌ ‌shows‌ ‌the‌ ‌variety‌ ‌of‌ ‌initial‌ ‌and‌ ‌final‌‌ 
ions,‌ ‌charge‌ ‌states,‌ ‌and‌ ‌molecular‌ ‌species.‌  ‌The‌ ‌x‌ ‌axis,‌ ‌ ,‌ ‌was‌ ‌chosen‌ ‌to‌ ‌account‌ ‌for‌ ‌the‌ ‌obvious‌ ‌main‌ ‌dependencies‌ ‌on‌ ‌mass‌‌q2

Em  
and‌ ‌charge‌ ‌state‌ ‌allowing‌ ‌all‌ ‌the‌ ‌data‌ ‌to‌ ‌be‌ ‌presented‌ ‌on‌ ‌a‌ ‌single‌ ‌plot.‌  ‌Statistical‌ ‌uncertainties‌ ‌are‌ ‌smaller‌ ‌than‌ ‌the‌ ‌symbol‌ ‌size.‌ ‌ 

(Color‌ ‌online)‌ ‌ 

Post-source‌ ‌  Final‌‌ 
Beam‌ ‌ 

Final‌ ‌Energy‌ 
(MeV)‌ ‌ 

m q  E / 2  
(MeV‌×‌A/Z‌2‌)‌ ‌ 

Magnet‌ ‌Current‌‌ 
(A)‌ ‌ 

H‌-‌ ‌  H‌+‌ ‌  1.67-3.53‌ ‌  1.67-3.53‌ ‌  8.56-12.71‌ ‌ 
He‌-‌ ‌  He‌+‌ ‌  1.68-3.33‌ ‌  6.71-13.33‌ ‌  17.41-24.79‌ ‌ 
‌  He‌2+‌ ‌  2.51-5.30‌ ‌  2.51-5.30‌ ‌  10.58-15.60‌ ‌ 

NH‌-‌ ‌  N‌+‌ ‌  2.01-3.01‌ ‌  29.15-42.18‌ ‌  36.28-44.26‌ ‌ 
‌  N‌2+‌ ‌  3.65‌ ‌  12.79‌ ‌  24.19‌ ‌ 
‌  N‌3+‌ ‌  4.89‌ ‌  7.62‌ ‌  18.59‌ ‌ 

NH‌2‌
-‌ ‌  N‌+‌ ‌  1.95-2.92‌ ‌  27.34-40.91‌ ‌  35.58-44.37‌ ‌ 

‌  N‌2+‌ ‌  3.58‌ ‌  12.54‌ ‌  23.91‌ ‌ 
O‌-‌ ‌  O‌+‌ ‌  2.50‌ ‌  39.93‌ ‌  43.73‌ ‌ 
‌  O‌2+‌ ‌  2.50-5.29‌ ‌  9.98-21.15‌ ‌  21.24-31.44‌ ‌ 
‌  O‌3+‌ ‌  3.23-7.05‌ ‌  5.91-12.53‌ ‌  16.31-24.05‌ ‌ 

OH‌-‌ ‌  O‌+‌ ‌  2.42‌ ‌  38.76‌ ‌  43.02‌ ‌ 
‌  O‌2+‌ ‌  2.45-5.18‌ ‌  9.79-20.74‌ ‌  21.01-31.12‌ ‌ 
‌  O‌3+‌ ‌  3.27-6.94‌ ‌  5.28-12.34‌ ‌  16.13-23.85‌ ‌ 



‌ 
reasonable‌‌accuracy‌‌and‌‌the‌‌actual‌‌measurements‌‌were‌‌added‌‌to‌‌the‌‌data‌‌set.‌ ‌Next,‌‌nitrogen‌‌ions‌‌(N‌+‌,‌‌N‌2+‌,‌‌and‌‌N‌3+‌)‌‌                                     
from‌‌source‌‌ions‌‌of‌‌imidogen‌‌(NH‌-‌)‌‌were‌‌predicted‌‌(Eq.‌‌4)‌‌and‌‌measured‌‌with‌‌good‌‌accuracy.‌ ‌At‌‌this‌‌point,‌‌weaker‌‌                                     
beams‌ ‌of‌ ‌N‌ ‌and‌ ‌O‌ ‌from‌ ‌molecular‌ ‌source‌ ‌ions‌ ‌of‌ ‌amidogen‌ ‌(NH‌2‌)‌ ‌and‌ ‌hydroxide‌ ‌(OH)‌ ‌were‌ ‌predicted‌ ‌and‌‌                                   
measured.‌ ‌No‌‌appreciable‌‌amount‌‌of‌‌N‌-‌ ‌from‌‌the‌‌ion‌‌source‌‌was‌‌observed.‌ ‌The‌‌final‌‌relationship‌‌was‌‌fit‌‌as‌‌shown‌‌                                     
in‌ ‌Fig.‌ ‌3.‌ ‌The‌ ‌excellent‌ ‌agreement‌ ‌between‌ ‌data‌ ‌and‌ ‌the‌ ‌overall‌ ‌model‌ ‌indicates‌ ‌that‌ ‌usable‌ ‌N‌ ‌beams‌ ‌were‌‌                                   
produced,‌ ‌accelerated,‌ ‌and‌ ‌properly‌ ‌identified.‌‌ ‌  

Specific‌ ‌ion‌ ‌source‌ ‌settings‌ ‌are‌ ‌given‌ ‌in‌ ‌Table‌ ‌2.‌  ‌For‌ ‌He‌ ‌measurements,‌ ‌standard‌ ‌He‌ ‌was‌ ‌used‌ ‌as‌ ‌the‌ ‌source‌ ‌gas.‌ ‌ ‌   
‌ 

TABLE‌ ‌2.‌  ‌‌Ion‌ ‌source‌ ‌settings‌ ‌for‌ ‌the‌ ‌variety‌ ‌of‌ ‌species‌ ‌produced‌ ‌by‌ ‌the‌ ‌ion‌ ‌source.‌ ‌ 
‌ 

‌ 
For‌ ‌all‌‌other‌‌cases,‌‌the‌‌source‌‌gas‌‌was‌‌1%‌‌nitrogen‌‌gas‌‌added‌‌to‌‌the‌‌normal‌‌hydrogen‌‌source‌‌gas.‌ ‌The‌‌impact‌‌of‌‌                                         
varying‌‌this‌‌ratio‌‌was‌‌not‌‌investigated.‌ ‌This‌‌small‌‌admixture‌‌of‌‌N‌‌did‌‌not‌‌noticeably‌‌change‌‌the‌‌performance‌‌of‌‌the‌‌                                     
source‌ ‌when‌ ‌extracting‌ ‌H.‌ ‌It‌ ‌was‌ ‌unnecessary‌ ‌to‌ ‌add‌ ‌oxygen‌ ‌since‌ ‌residual‌ ‌oxygen‌ ‌is‌ ‌prevalent‌ ‌enough‌ ‌in‌ ‌the‌‌                                   
system‌‌simply‌‌from‌‌oxygen‌‌and‌‌water‌‌vapor‌‌introduced‌‌into‌‌the‌‌source‌‌when‌‌maintenance‌‌is‌‌done.‌ ‌(The‌‌leak‌‌rate‌‌is‌‌                                     
low‌‌enough‌‌that‌‌the‌‌oxygen‌‌beams‌‌decrease‌‌significantly‌‌in‌‌intensity‌‌during‌‌the‌‌weeks‌‌following‌‌source‌‌openings.)‌‌                               
NEC‌ ‌recommends‌ ‌an‌ ‌aluminum‌‌canal‌‌for‌‌the‌‌production‌‌of‌‌hydrogen‌‌ions‌‌and‌‌the‌‌same‌‌canal‌‌was‌‌in‌‌place‌‌when‌‌                                     
extracting‌‌imidogen‌‌and‌‌amidogen‌‌from‌‌the‌‌source.‌ ‌It‌‌was‌‌necessary‌‌to‌‌adjust‌‌the‌‌velocity‌‌selector,‌‌located‌‌between‌‌                                 
the‌ ‌ion‌ ‌source‌‌and‌‌accelerator,‌‌to‌‌find‌‌maximum‌‌beam‌‌each‌‌time‌‌a‌‌different‌‌species‌‌was‌‌being‌‌extracted‌‌from‌‌the‌                                     
source.‌ ‌Additionally,‌ ‌a‌ ‌vertical‌ ‌steerer‌ ‌and‌ ‌Einzel‌ ‌lens‌ ‌(also‌ ‌located‌ ‌between‌ ‌the‌ ‌source‌ ‌and‌ ‌accelerator)‌ ‌were‌‌                               
adjusted‌‌but‌‌required‌‌only‌‌minimal‌‌changes.‌ ‌The‌‌values‌‌of‌‌the‌‌other‌‌source‌‌parameters‌‌are‌‌given‌‌in‌‌Table‌‌2.‌ ‌The‌‌                                     
source‌ ‌gas‌ ‌pressure‌ ‌set‌ ‌to‌ ‌the‌ ‌nominal‌ ‌value‌ ‌given‌ ‌by‌ ‌the‌ ‌manufacturer‌ ‌in‌ ‌all‌ ‌cases,‌ ‌ 3x10‌-6‌‌ ‌Torr.‌ ‌ ̃  

C‌ONCLUSION‌ ‌ 

The‌ ‌ion‌ ‌species‌ ‌imidogen‌ ‌(NH‌-‌),‌ ‌amidogen‌ ‌(NH‌2‌
-‌),‌ ‌O‌-‌,‌ ‌and‌ ‌hydroxide‌ ‌(OH‌-‌)‌ ‌species‌ ‌were‌ ‌produced‌‌using‌‌an‌‌                               

NEC‌ ‌Alphatross‌ ‌charge‌ ‌exchange‌ ‌source‌ ‌by‌ ‌incorporating‌ ‌1%‌ ‌nitrogen‌ ‌into‌ ‌the‌ ‌hydrogen‌ ‌feed‌ ‌gas.‌ ‌Imidogen,‌‌                             
amidogen,‌‌and‌‌hydroxide‌‌molecules‌‌dissociate‌‌in‌‌the‌‌center‌‌of‌‌the‌‌accelerator‌‌terminal‌‌in‌‌the‌‌gas‌‌stripper.‌‌Atomic‌‌N‌-‌ ‌                                   
ions‌ ‌were‌ ‌not‌ ‌produced‌ ‌at‌ ‌a‌ ‌detectable‌ ‌level‌ ‌as‌ ‌expected.‌ ‌ 

The‌ ‌measurements‌ ‌are‌ ‌well‌ ‌described‌ ‌by‌‌the‌‌assumed‌‌mathematical‌‌model.‌‌Additionally,‌‌hysteresis‌‌was‌‌taken‌‌                           
into‌‌account‌‌and‌‌analyzed‌‌for‌‌the‌‌dipole‌‌bending‌‌magnet.‌ ‌These‌‌beams‌‌have‌‌the‌‌potential‌‌for‌‌nitrogen‌‌implantation‌‌                                 
and‌ ‌creating‌ ‌nitrogen‌ ‌vacancies‌ ‌in‌ ‌diamond‌ ‌and‌ ‌other‌ ‌crystalline‌ ‌materials.‌ ‌ 
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