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Outline ILL!

e What are Radiochemical Detectors and how arethe
used?

« What isthe current status of radchem databases?

e Which Cross Sections do we need to measur e?
— b5-level Toy Model for Zr network.

« How can RIA help?
— Direct Measurements - Neutron-induced Cross Sections
 Radioactive Target Assembly M easurements
— Indirect Measurements
« Charged Particlein Inverse Kinematics (Astro connection).
— (d,p) as a surrogate for (n,g).
 Level Densities

e Total Cross Sections



What are radchem detectorsand how arethey
used?

£

“Detector” elements are pre-loaded.
— Neutron Monitors: Y,Zr,Lu,Bi are“most reliable””

— Experiments to measur e cross sections on stable Y,Zr,Lu,BI
wererun in 1998-2000. Analysisisin progress

— Ti, Cr etc. areused as charged-particle monitors
 Neutron-induced reactionsform s etc

destruction ! '

| sotoperatios are determined from post-test counting
— Examples: ®Zr/P°Zr , 8Zr/[*%Zr, etc.

Vast majority of cross sections are calculated NOT
measur ed
— Models are qualitative at best.

*Nethaway & Mustafa UCRL-1D-133269



Example: The Zr Cross Section Networ k

£

Reaction

Knowl e

ge

0Z 1(n,2n)*9Z r

0Z 1r(n,2n)*° ™Z 1

Sum (g+0.94m) known to 2%

for E,=13-15MeV

*Z1(n,2n)"Zr Cdculation oly
FZr(n,@*"Zr Cdculation aoly
®Zr(n,@>Zr Cdculation noly
*Z1(n,g*"Zr Cdculation aly
PMZ1(n,2n)*Z Cdculaton nly
OMZ1(n,2n)PZr Cdculation aoly

Guessing a 10% uncertainty is unrealistic
(30% uncertainty is closer to reality)




Current Status of the Nuclear Data
(from Nethaway & Mustafa UCRL-1D-133269) IE

« S0Cr (Cr0386):
— 2 measured valuesfor *°Cr(n,t)*®V @ 14.6 MeV differ by 65%

— 20Cr(n,np)*°V is based on a single measurement @ 14.7 MeV.
Excitation function iISACTL X 1.7 to match @ 14.7 MeV.

— 29 other neutron reactions are solely based on ACTL values.
e 99Zr (Zr0892):
— All werecalculated by M. Gardner & D. Gardner.

— Calculationswere normalized to measurements;
o 9071 (n,2n)8%9*0-94m7Zr agrees within 2% from 13-15 MeV.

. 8% (YT0585 & YT0488):
— All were calculated by M. Mustafa, M. Gardner & D. Gardner



What we measured using GEANIE: °°Zr(n,x) IE

87Zr
887
]
87Y
88Y

90Y |

Ny T 927 ¢

GEANIE

LLAL/LANL




Zr cross sections for which some data exist

(p,X),(d,X) 20y



Most of the cross sectionsin aradiochemical network
are measurable only using a radioactive target or beam lg

a7y i
v 87r
88Y X
vv 907 1
89Y
L egend N7 r

Radioactive Beam Experiment ———————» 90y

Stable Beam Experiment —_—

Stable Level E——

Radioactive Level/State




Cross Section (barns)

How reliable arethe codes & libraries? IE
0.075 ) )
°  Ground State (daig) 92Mo(n,p) 92Nb Partial g-ray Cross Sections
|somer (data)
sassasns  Radchem Ground State
s Radchem |somer
0.054 —— GNASH Ground State
e GNASH Isomer
0.025
04 ‘ " T " " " " T " " " " T
0 5 10 15 20
E,, (MeV)
M odels alone will not fill the need GEANIE




Which of these Zr Cross Sections matter ?
- Preliminary Sensitivity Studies have been done (E.A. Henry) IE

The Reaction Network | mpact of a changein the
Cross Section

Reaton 10% bange 50% chaneg
BZr/Zr | BZrf2Zr | 3¥Zr/®Zr, | %8Zr/P%Zr
887y 7r(n,2n)®9Zr 7.2% 4.0% 36% 20%
9Zr(n,2n)® Zr 1.3% 2.0% 6.5% 10%
89Zr(n,2nN*Zr 2.3% 8.4% 11.5% 42%
8Zr(n,g®™Zr 4.2% 1.1% 21% 5.5%
89Zr(n, 0% Zr 3.2% 0.9% 16% 4.5%
897y %7rng®®zr | 02% | 3.1% 1% 155%
®®Zp(n2n%Zr | 0.1% 1.6% 0.5% 8%
I P MZr(n,2n)%Zr|  1.0% 0.5% 5% 2.5%

90Zr
Green: Stable (can be done now)
Red: Unstable (needs RIA/RIB)

Some of these cross sections need to be measur ed well.




How doesthisfit into the Campaign Structure?
- FY 2001 DOE/Defense Programs Budget Request IE

o Secondary Certification and Nuclear-Systems Margins
(Campaign 4).
— Determine and document the minimum primary factors
necessary to produce a militarily effective weapon.

FY 99-01 Performance M easur e

Complete the reevaluation of primary-yield determination
(radiochemistry and prompt diagnostics analysis.)

 Primary Certification (Campaign 1)
— Supports experimental abilitiesto develop and implement the

ability to certify, without nuclear testing, rebuilt and aged
primaries to within a stated yield level.

FY 99-01 Performance M easure:
Evaluate historical test data for archiving.




Re-cyclotron Technique IE

« Use proton- or a-induced reaction to produce
radioactive nuclei (e.g. "’Se(p,n)’’Br) with t,,>16 hours.

e Trap radioactive product and transfer to cyclotron ion
source (Electron Cyclotron Resonance) Sour ce.

e Re-accelerateradioactive beam




|somers in Radchem Detectors done today:
93m N b (n,2n)%2" N b/S29N b |

1,,, = 4000 years
Q. = 405 keV

m
BMolo
30.82 keV - 88% |

t,,=16.13 yrs
I

12%
93N b

« Togetalmgtarget from 93 g*“cow” requires 24 days.
— This example can be done now. °*Mo iscommercially accessible.

3

Ti®H target

93miIN b + "ANb targets
+ AU/Ni Calibration Foils

pe

First Measurement of (n,2n) cross section in A=90 region




Example using Existing Facilities:
89Zr(n,2n)%8Zr (t,,=78 hrs.) Count Rate Estimate ||

« 10 day Production Run at the 88" /UC Davis cyclotron:

— Averages " 0.5 barn for ®Y(p,n)**Zr reaction @E "12 MeV
| eam 10 ppa =1 x 10** protons/sec

— Maxt,_ " 100 mg/cm?® 6 x 10? atoms (P

tar get

897r) =
N(®Zr) =s ) x|
« RTNS-Il irradiation run (Dt" 3 days)

- €

them

= 40 W).

tar get

x N(®¥Y) x t,,,= 2.6 X 10%° atoms of %9Zr

beam

" 500 mb
— F_=neutron fluence on target = 10** neutrons/sec (challenge)
- t,,(°®Zr) = 83.4 days

- R (88Zr ® 8Y + 392 keV gray) = 100%

= chemical separation efficiency " 50%, s, ,,

branch

Peak: N(3Zr® Y + 392 keV ¢ ray)=e s, o F o Niage Dt Rypanen=1.7 X 108

target branch

No Background after 30 days (10 t,,,)
0.01% measurement possible




Radiochemistry: How elements are formed in devices!
Astrophysics: How elements are formed in stars? IE

Stable
~—Radchem nucleus* 877y . FZZ r
| somer(s)
85y . 3 Y
SR 145 18
\ S S \.J' v
8'RD

Strong flow ==———d%

Weak flow ==="====== —

N 42 44 46 48 50 52

!Nethaway & Mustafa UCRL-1D-133269 Hoffman et al.,1996 ApJ 460: 478




How can RIA help?
Harvesting isotopes for radioactive target assembly. IE

].! _'HL'I:' 'i.tll

Driver Linac ( to 400 MeVinucleon) Production Taroet
( %,
____ﬁ | Two Locations for
. Talgt:t?' | sotope Harvesting
F“‘:;r [on Source .
On SOUICE  pfodules
(H through U}
[sobar (Gas Catcher/
Separators Ion Guide

Radioactive Target
Tritium Gas Céll

Post Accelerator

(d,t) accel eratorJ

Experimental Areas:
1:<1Z2MeViu 2: <15 MeV/ 3: Nonaccelerated 4: In-flight fragmenis



ThelGISOL target offersan opportunity to
allow RIA torun in a multi-user mode ll_L!

Schematic Layout of Fragment Separator and Gas Catcher

Heavy lon "
Driver Beam Fragments dispersed
/ in momentum with thin
i wedge for Z/A separation
High Power —
Target
Radioactive Target
/ Tritium Gas Cell
Achromatic image with
Z/A separation —
(d,t) accelerator
Selected Z/A region
dispersed in momentum
“Rabbit” or tape catcher for
"\ Wedge to reduice energy “undesireable” Z/A ratios
spread to ~1%
High-Z absorber to slow
\
down selected fragments Quadrupoles to create round

Ty image at gas catcher entrance

N
2l P — ‘/
Gas catcher/ion guide \ Radioactive Target

Low energy 1+ radioactive beam Handling Facility

Uses include Radioactive Target & Medical Isotope Production




Two possible neutron sour ces IE

e ThelCT/RTNS (Built at LLNL. Currently U.C. Berkeley)
— Deuterium Linear accelerator + Ti*H target.
— | ..= 6 X 10% neutrons/sec into 4p. (At 14 MeV only)

« Theneutron-radiography source (Jim Hall & Brian Rusnak)
— Prototypeto bebuilt at LLNL, duplicated at Y-12 by E.S.P.
— RFQ + DTL “after-burner” + Window-less plasma arc D-gas cell.
— 10% neutrons/sec with 1<E_ (MeV)<20 well focused into 1.0 cm>=.

e The machine would also be useful to for non-neutron physics:

— 4-20 MeV H or °H and 10-40 MeV a’'sfor transfer reactions
« Doesn’t matter that the target isradioactive

— Li(p,n) low-energy neutronsfor s- and r-process studies.

Both Sources Represent Modest Expenditures for DOE/DP




The Neutron Radiography Sour ce: IE

« Energy Spread Limits Target Thickness® Neutron Flux

Li(p,n) 8Be at E,=5MeV

Energy Spread vs. Target Thickness Neutron Hux vs Target Thickness

3.0

3.5E+11

- 3.0E+11

- 2.5E+11

- 2.0E+11

Energy Soread (MeV)
Neutron Hux

- 1.5E+11

| 1.0E+11

. . T . ; 5.0E+10
40 50 10 20 30 40 50

Thickness (mg/cm 2) Thickness (mg/cm 2

Practical Limit is 10! neutrons/second/sr for Li, d etc.




What arethe shortest lived states we can make
targets of using RIA? IE

The equation governing the target material build-up:
dN(t)/dt =1 -IN(t) ® N(t) =1/l +elt

Current Required to Assemble a 100 ug
Target with agiven Lifetimein 1 week

4E+12

3E+12 -

2E+12 -

Minimum Beam Current (pps)

1E+12

OE+00

1 2 3 45 6 7 8 9 10 11 12 13
Lifetime (days)

Radioactive target experiments require full beam intensity




An Example of a direct (n,2n) measurement that
requires RIA: 87Y(n,2n)3°Y (t,,,= 80 hours) [E

« Neutron irradiation run (3 days)
— 1 =decay of target duringrun = 0.6
Sn.2ny = 200 mb
— F_=neutron fluence on target = 10® neutrons/sec on tar get
— Measure neutronsvis-a-vis Frehaut et al.,
e Peak=tsF, Ntarget Dt =4.8 x 10/
o Statistical errorson theorder of 0.01% (Systematicswill dominate).

Even less material would work, but target manufacture would be tough




An Example of a direct (n,2n) measurement that
we can do today: *8V(n,2n)*'V (t,,=16.0 days) |3

« Neutronirradiation run (10 days)
— 6 x 10" = atoms of V collected. 1/2 decay during during.
— S(2m =900mb
— F_ =neutron fluence on target = 10® neutr ons/sec
— Neutron Efficiency = 75%
— Measure neutronsvis-a-vis Frehaut et al .,
e Peak=s F_ Niorger DE=9.8 X 10°
o Statistical errorson theorder of 0.1% (Systematicswill dominate).

Even less material would work, but target manufacture would be tough




RIA compared toa Compound Nucleus Reaction
etc. donetoday: IE

« S=0.5barn for Y (p,n)®Zr reaction @ E,=12MeV, | =10 pa
*+ 100 mg/cm?target ® 10°°atoms (P, 4= 40 W), 10 day run

S o X 1o X N(®¥Y) x t,,, = 101 st of ®9Zr

run
RIA Production run - 10121341

Timerequired to make atarget usng Stable

Beams/Compound Nucleus Reactions vs RIA.
1.0E-05

- 1.0E-06

Moles

- 1.0E-07

T . T 1.0E-08
0.1 1 10 100 1000

Lifetime (days)




The Approach of Choice:
Measur e Evaporated Neutrons (J. Frehaut et aI.,)lE

e Use Collimated Neutron Beam and Gd-imbued
Scintillator
— Excellent efficiency (75%)
— No neutron background for nuclei w/o fission.

Collimators F‘I
\:I
The new neutron source is nearly 4 orders of magnitude
more intense than the one used in the earlier measurements

Scintillator

Neutron Beam

Scintillator

Sample




Potential Radchem Targetsfrom RIA near A:SOIE

B Radioactive
H Stable

a0 40



Potential Radchem Targetsfrom RIA near A:QOIE

—

Te

| B Radioactive i H B
cdl L] | somer
N Stable

Fd

S0 =)



| ndirect M easurements -
I mproving the Reaction Model Calculations IE

« Direct Component of (n,g using transfer reactions
— Radioactive Target with d-beam or Inverse Kinematics w/RIB.

— Requiresless material than neutron target assembly
(10-100 ug ® 10'¢-7 atoms).

— Radioactivity of the target not an issue

« Level Density Measurements

— Statistical gray measurements need RIBS to access near
stability nuclel over a wide spin range.

« Total Cross Section Measurements (Optical Model)
— Transmission experimentsusing RIBS



Indirect Technique #1.:
Transfer Reaction using RIBsto get S, ..(n.9 IE

« Accelerate beam onto a p/d/t gastarget (Inverse Kinematics)
« Measurethereaction cross section using gray/particle tag.
« Complementary to Astrophysics measurements

U\ P Recoiling Residual Nucleus
O ray detectors @ LEDA/TUDA Particle detector

Gas target (required for heavier nuclei

Beam

Removes a significant source of uncertainty in the reaction model




Program: Cross Sections. Facility: ANL
Cross Sections on | somers w/secondary beams |(U3

« Ground/isomer beam formed via multi-fragmentation.

(1) gray tagging at production target identifies whether isomer or
ground state is populated.

(2) Measure s, & S

Isomer ground state

at back-plane.
(3) Post-doc to be hired pioneered the effort (J.Schwartz)
Recoil

on = :&J\
ource
U (HI,xn) w/inverse kinematics ! \—/\

g-ray tag on isomer/
ground state HC or DC target

LEDA proton array

M aintains our involvement with ANL Personnel




Secondary Beams Cross Section M easurements:
Count Rate Estimates | IE

« Secondary Beam Production at the FM A entrance:

Sixm 200 mb (e.g., **Mg(*°Ni,3pn) etc.)
Ibeam =1 pp‘a
— liage= 1 M@/cm?® 1.6 X 10'7 atoms
| secondary = S (H1 xn) X !beam X Niarger = 1.6 X 10° particles/second

e Measurement at the back-plane of the FMA:

%MA" 20%
— = D Mg/cm?(Gas Target Required) ® 4 X 10*® atoms
S " 1 barn

(p.p")

Rproton-array - eFMA X S(p,p’) X Isecondary X Ntarget = 6.4 events/second

8 hours for 1% statistics into each of 10 proton angles




Indirect Measurements Technique #2:
L evel Densities & gray Strength functions from grays. IE

« Step |: Use neutron-rich RIB to access near stability nucleus
« Stepll: Measure*“First Generation” of grays, GE ,JP)

« Steplll: Assume GE,,JP) =T (E,,JP) X F(E,, Ey and iteratively
adjust r and F to minimize C2.
e Proof-of-principle experiment run 5/99 at LBNL - #Mg(®He,p)?°Al

4 additional experimentsto berun in Oslo - December 2000.

Important for Hauser-Feshbach cal culations including g-decay




Conclusions IE

Direct M easur ements of Cross Section on Radioactive
Nuclel and Isomeric states near stability would remove
uncertaintiesin radchem network calculations.

|ndirect Measurementsusing transfer reactions, grays,
etc. could significantly reduce reaction model
uncertainties.

What do we need to do now?

Research needsto be doneto allow for parallel “isotope
harvesting” with RIA to make radioactive targets.

Develop the high-intensity neutron source sited at RIA
for Stockpile Stewardship, Astrophysics and Nuclear
Structure (already happening).



